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( FEATURE ARTICLE) 


Comparison of Electron-Beam 
and Gamma-lIrradiation Plants 


By Charles Artandi and Walton Van Winkle, Jr.” 


Ethicon, Inc., has been using ionizing radiation for 
production-scale sterilization of sutures and other 
medical products since 1956. After years of expe- 
rience with electron accelerators, the Company built 
a ®Co radiation plant, which was put in operation in 
August 1964. Having the two types of plants on the 
same location for sterilization of the same products 
gave the opportunity for a thorough comparison. It 
was found that for sutures, pharmaceuticals, and dis- 
posable medical products, ®°Co sterilization offers 
several important advantages over the use of accel- 
erators. 


Introduction 


The usefulness of ionizing radiation for steril- 
ization, preservation, and chemical processing 
was demonstrated more than 15 years ago. In 
spite of the early glowing predictions by experts 
of imminent breakthroughs, progress in devel- 
opment of commercial irradiation processing 
has been fairly slow. This has not been due to 
lack of enthusiasm so much as to the absence 
of a well-coordinated program for developing 
these uses, 

Accelerator manufacturers have been very 
active in selling their hardware. However, the 
chief customers have been government and 
institutional research laboratories, which have 
on their staffs highly trained technicians capable 
of keeping these machines in running condi- 
tion for short periods of use. The needs for 
industrial applications have been few, and ef- 
forts to develop them have not been very re- 
warding. The absence of industrial radiation 
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technology has inhibited both the seller and 
buyer from developing industrial processes 
using radiation, 

Pioneering efforts in the development of 
industrial radiation sterilization with the use of 
accelerators was undertaken by Ethicon, Inc., 
and the story is well known by all who have an 
interest in this field.’~* Starting its research 
efforts with a 2-Mev Van de Graaff electron 
accelerator in 1953, Ethicon acquired a 3-Mev 
Van de Graaff and a 6-Mev microwave linear 
electron accelerator in 1957. The year 1956 | 
marked the beginning of industrial radiation 
sterilization at Ethicon’s Somerville plant. In 
1959 another 6-Mev linear accelerator was in- 
stalled. All these machines, built by High 
Voltage Engineering Corporation (HVEC), were 
the first of their kind, and Ethicon and HVEC 
shared the burden of pioneering. Because of 
the newness of these accelerators, many prob- 
lems had to be worked out during production 
use, and the manufacturer cooperated at every 
step. 

The development of industrial applications for 
radioactive isotopes was even less advanced 
in the fifties. At the time Ethicon made the 
decision to use accelerators, isotopes were 
also considered. The high price of “Co and 
the nonexistence of design experience and in- 
use technology forced a decision in favor of 
accelerators, In the United States, industrial 
experience and technology in the utilization of 
isotopic radiation sources for processing has 
lagged behind other countries, real progress 
having been made only in the last couple of 
years, The statutory authority and organization 
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of the USAEC preclude the possibility of active 
government leadership in this field, and the 
national laboratories, although available for 
technical assistance, suffer from the same 
organizational handicap, The nuclear industry 
has been interested in doing expensive and 
extensive design studies and in building “de- 
luxe” plants but has not been willing to under- 
write the cost of developing isotope radiation 
technology. 

It is not accidental that the British built the 
first demonstration and production “Co irra- 
diation unit.‘ This was followed by construction 
of several industrial radiation plants: one in 
Australia, two in England, and one in Scotland, 
The first plant built in England is owned by 
Johnson’s Ethical Plastics’ and the one in Scot- 
land, by Ethicon, Ltd.,® members of the Johnson 
& Johnson companies, The very active participa- 
tion of the United Kingdom Atomic Energy 
Research Establishment in providing industry, 
at a modest charge, with design know-how and 
operating experience based on their studies and 
actual measurements has allowed the nuclear 
engineering industry in British Commonwealth 
countries to offer radiation plants at reasonable 
prices, 

When in 1962 Ethicon reexamined its future 
radiation capacity needs, it looked into isotope 
availability again. American, Canadian, and 
British proposals were evaluated, but all 
American companies who participated submitted 
cost estimates substantially higher than the 
Canadian and British firms. This was due 
largely to lack of design and operating ex- 
perience. The Atomic Energy of Canada Ltd., 
which incorporates in one company the functions 
of both cobalt producer and plant designer 
and manufacturer, is a good example of an 
organization with a properly constituted isotope 
development program. Ethicon contracted with 
AECL to design and build three cobalt radia- 
tion plants, and the largest one began operation 
Aug. 17, 1964, at Somerville, N. J. A second 
one of identical design but of lower initial 
throughput was put in operation in November 
1964 in San Angelo, Tex. Both plants are fully 
automatic and require only intermittent supervi- 
sion, The third one, a small batch irradiator, 
was built at Peterborough, Canada, and was 
commissioned in November 1964, 

The advantages and disadvantages of the two 
types of irradiators are compared here with 
regard to source and accessory equipment. 
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Source 


Penetration 


The use of isotopes presents no penetration 
problems. Products of every size and shape 
may be processed, and many items can be 
irradiated in their final shipping cartons. The 
important factor is the freedom one has in the 
design and handling of the packages. 


Accelerators are very suitable for irradiating 
thin plastic films, coated wires, and other 
materials for which penetration requirements 
are low; however, they are generally unsuitable 
for some radiation-sterilization processes. The 
minimum energy that permits the practical use 
of accelerators for that purpose is 6 Mev. Un- 
fortunately, the maximum energy is limited to 
about 12 Mev since above that value the prob- 
ability of electron and photon disintegration 
processes, which would result in induced ra- 
dioactivity, increases strongly. 


Radiation Efficiency 


Radiation utilization or efficiency of absorp- 
tion, i.e., the percentage of total radiation 
emission that is absorbed at the desired dose 
in the products in which we are interested, is 
very nearly the same for accelerators and 
the newer cobalt plants, namely, 20 to 30%. 


A significant loss of radiation from a “Co 
source results from geometrical problems, 
Although the source emits radiation in all 
directions, there is a limit to how much product 
we can put around it. In most designs the 
product is very close to the source (6 to 8 in.), 
and it overlaps the source considerably in 
both horizontal and vertical directions, Thus 
the angles of lost radiation at the top, bottom, 
and ends of the source are decreased to ac- 
ceptable levels. Depending on source design 
(flat, cylindrical, or multiple arrangements), 
5 to 25% of the emission is absorbed in the 
cobalt itself. Because of the very penetrating 
nature of gamma photons, not «11 of them can 
be absorbed; some will go througa the products 
and be absorbed in the cell walls. Multipass 
conveyor systems are designed to improve this 
situation, but, by the law of diminishing re- 
turns, the increased cost and complexity of 
such systems limit the number of passes. 
Radiation losses in the parts of the conveyor 
that hold the products and are exposed to radia- 
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tion are minimized by good design and the use 
of lightweight materials. 

Accelerator radiation is characterized by the 
ionization absorption curve of the particular 
electron energy. Generally the entrance or 
surface dose is only 60 to 80% of the maximum, 
which is reached at about 30% of the total 
penetration. Of the total ionization, 27% is 
wasted as overdose since the desired radia- 
tion dose has to be set at the lowest (surface) 
dose. The tail end of the ionization curve 
(about 13%), which falls below the surface dose, 
cannot be utilized because any dose would be 
lower than desired, Cross-firing or splitting the 
beam may improve this but at a considerable 
increase in cost. Additional losses are due to 
the fact that the electron beam must be scanned 
wider than the products to be irradiated to 
ensure proper coverage. Consideration of all 
these losses shows that only 50 to 60% of the 
emission can be usefully absorbed. Products 
of uniform density and rectangular shape, e.g., 
plastic films, permit efficient use of radiation 
since here even some of the tail end of the 
ionization distribution curve may be used, 
However, most pharmaceutical and other prod- 
ucts that have been processed by radiation are 
of irregular shape and nonuniform density. 
Some radiation will go through unused at points 
where there is not enough absorbing mass or 
where there is space between the products, 


Plant Efficiency 


Plant efficiency, defined as the percentage of 
time the plant is available for use when de- 
sired, differs significantly between the two 
types of facilities with respect to both capacity 
and maintenance cost. It bears no necessary 
relation to actual use because a plant may not 
be in operation for many reasons (weekends, 
holidays, scheduling, vacations, etc.), Most 
cobalt plants, because of their inherent sim- 
plicity, operate at 90% efficiency or better. 
Machine facilities are available 70 to 80% of 
the time, the remainder being spent in main- 
tenance and repairs. Although availability may 
be higher for short periods, this figure is cor- 
rect for long periods of operation. 


Inventory 


There is little difference in inventory costs 
for the two plants if processing time is within 
24 hr, With cobalt irradiation, dose rates are 
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low. The time required to deliver several 
megarads varies from hours to days, depending 
on the source size. To be effective, the source 
should be surrounded by a large amount of 
product during the various stages of irradia- 
tion. For items of high unit value, the process- 
ing time should be kept within a day; for other 
products a holdup of 2 to 3 days may be 
tolerated. With accelerator irradiation, on the 
other hand, dose rates are high. The absorp- 
tion of several megarads takes only a second 
or so; therefore the products can be moved 
through the plant in small units at a fast rate. 
The total time from input to output may be 
only 5 to 10 min, For smooth operation and 
scheduling, it is advisable to have an in- 
process inventory buildup of ‘4 to 1 day’s 
production ahead of the input, 


Accessory Radiation 
Facilities 


Besides the source, there are four essential 
parts of a radiation processing plant: shield, 
conveyors, controls, and safety systems. 


Shield 


A concrete cell of sufficient thickness (5 to 
7 ft) is needed to absorb all radiation thatis not 
absorbed in the products. Its purpose is to 
protect all personnel in the vicinity. Although 
the accelerator-produced electrons are much 
less penetrating than the gamma rays from a 
Co source, these electrons, in turn, produce, 
through bremsstrahlung, high-energy X rays as 
by-products, Therefore shielding requirements 
for accelerators are similar to those for iso- 
topic sources, and shield construction costs 
are about the same for the two plants, with 
possibly a slight bias in favor of accelerators, 

When not in use, accelerators can be turned 
off, but isotopic sources must be shielded to 
allow access to the radiation cell, Two storage 
systems are in use for isotopic sources: dry 
and wet, Dry systems use air- or water-cooled 
concrete pits into which the source is lowered 
when not in use. A heavy metal plug on top of 
the source plaque or a movable one on the floor 
completes the shield. Wet systems (Fig. 1) use 
a stainless-steel-lined or unlined concrete pool 
18 to 20 ft deep and filled with deionized and 
filtered water. Only for exceptionally large 
sources may cooling of the water be required, 
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Fig. 1 Cobalt-60 irradiation facility. 
Conveyors 


It is fair to say that a conveyor system for a 
8°Co plant is about twice as costly as that for an 
accelerator plant. 

The conveyors for a cobalt plant are com- 
plex and are generally divided into two sec- 
tions: feed conveyors and source conveyors 
(Figs. 2a and 2b), Feed conveyors are usually 
the power-chain type but may be the belt or 
push type. Their purpose is to move fresh 
products quickly into, and irradiated products 
quickly out of, the cell through the maze (or 
labyrinth). 

Source conveyors are of either intermittent- 
or continuous-motion type. For the most ef- 
ficient use of radiation, the products overlap 
the source in both directions (Fig. 3) and are 
carried around the source in two or more 
passes, The motion of the product around the 
source produces the effect of an “infinite 
source” by exposing all products in all posi- 
tions to radiation and ensures uniform dose 
absorption in the direction of travel. Because 
of the low dose rate (only a few hundred rads 
per second) and the many positions in the 
various passes around the source, for all 
practical purposes it makes no difference with 
respect to dose uniformity whether the motion 
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Fig. 2a Feed conveyor. A carrier with four product 
boxes is shown in the maze on its way into the cell. 





Fig. 2b Source conveyor showing four passes of 
product carriers. The carriers are back to back in 
each row. 
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2 a a OO ak a a eas ae is continuous or intermittent. Intermittent 
oo oo oo os SOURCE source conveyors are operated hydraulically 
Cc = 2 7 FOUR PASSES or pneumatically. Another mechanism is needed 
= : Saeat = to make the dose uniform normal to the direc- 
pees oe a tion of travel. If the products are not moved 
perpendicularly to the direction of travel, the 
a MONORAIL parts of the product that extend beyond the ends 
et om AO me a UO i a acai of the source absorb less radiation. The prod- 
pe ee . —_ anny ucts are therefore shifted through all positions 
perpendicular to the motion of the source 
— — conveyor by a push or product-transfer mech- 
aie anism. This may be located either inside or 

| | . Ltt | | outside the cell, 
SIDE VIEW In the case of accelerator irradiation, be- 


Fig. 3 Product overlap in relation to source size, 
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cause of the limited penetration of the elec- 
trons (6 Mev is equivalent to 0.8 in, useful 
penetration of water), products must be carried 
in thin layers on trays to ensure that a proper 
dose is delivered throughout, Conveyors must 
be of the belt type (rubber outside the radia- 
tion cell, stainless steel inside) and are rela- 
tively simple since the product makes only one 
pass at one level (Fig. 4). Many turns are re- 
quired to negotiate the maze in a small cell, 
but the number may be decreased by building 
a larger cell. The trouble-free operation thus 
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Fig. 4 Accelerator facility. 
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achieved pays for the extra expenditure in a 
short time. Because the dose rate is very high 
(up to several! megarads per second), speed 
control is of extreme importance, Therefore 
a good variable-speed conveyor section under 
the accelerator radiation source is needed for 
both control and necessary adjustments of speed 
to ensure proper dose under all operating 
conditions. 


Controls 


The control systems of "Co plants (Fig. 5) 
are considerably less costly than those of ac- 
celerator plants, 








Fig. 5 Control console of ®Co plant. Indicator panel 
gives instantaneous view of operation. Control and 
maintenance panel is on the right. 


The electronic part of a “Co plant is quite 
simple; the mechanical systems are automated, 
and the whole plant requires only intermittent 
attention, When the source is exposed, it emits 
radiation of known energy and adequate penetra- 
tion in a geometrical configuration that has 
been previously defined. The decay rate is 
known, and the dose is determined at any time 
by the total cobalt charge and the exposure 
time (or conveyor speed). The dose rate is 
about four orders of magnitude lower than that 
of accelerators; therefore conveyor-speed con- 
trol is much less critical, 

In the accelerator plant, in addition to control 
of the complex electronic components of the 
accelerator itself, the following variables must 
be carefully controlled for reliable radiation 
processing: electron-beam energy (Mev), beam 
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current, scan width, and conveyor speed, En- 
ergy control is extremely important because 
of the inherent penetration limitation and be- 
cause changes will affect the scan width, The 
beam current may affect the energy. Control of 
scan width is essential for complete coverage 
of the product, and conveyor speed is a critical 
factor because of the very high dose rates 
produced by machines. Most machines require 
the constant attention of an operator for making 
adjustments as they become necessary. 


Safety Systems 


Two of the really important parts of any 
radiation processing safety system are the 
shield, discussed above, and properly trained 
personnel, Thorough training of operators; ex- 
istence of a clearly written, up-to-date, and 
detailed operating procedure; and enforcement 
of adherence to the procedure are essential for 
safe operation. An intricate system of inter- 
locks, devices, and measuring instruments en- 
hances safe operation. The interlock and 
monitoring systems are more costly for a 6 
plant, but these systems are a relatively small 
part of the total cost. 


Most radiation plants have a viewing system 
to allow the operator to scan the radiation cell 
before startup. Before operation starts, all 
safety interlocks (doors, barriers, etc.) must 
be closed, The operator then locks the outside 
entrance to the cell (the last interlock) with the 
only key, which is also used to start the radia- 
tion plant. If any interlock is open, nothing will 
happen when the key is turned, 


Some plants enforce an inspection of the 
radiation cell by the operator before startup 
by requiring the pulling of a handle or the 
pressing of a button in the. most distant corner 
of the cell to actuate the interlock system. 
Other plants incorporate safety mats at the 
entrance which shut down operations if some- 
one inadvertently tries to enter the cell or 
utilize, in the floor past the entrance, physical 
barriers that are closed or pits that are open 
during operation, Any startup of radiation op- 
eration begins with the sounding of an alarm 
to warn people. 


Accelerator facilities may be entered as soon 
as a shutdown occurs because emission of 
radiation stops instantaneously. In 8Co plants 
the source has to be lowered into a pit ora 
pool of water. The time required is generally 
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less than 2 min, but a radiation hazard exists 
until the source reaches the “safe” position. 


After installation of either type of radiation 
plant, an extensive survey is made to measure 
radiation levels at the various locations outside 
the cell in restricted or nonrestricted areas, 
State and federal regulations specify maximum 
permissible radiation levels for the various 
areas, If everything is right at that time, 
certain factors have to be watched to ensure 
that conditions do not change, In an accelerator 
installation: 


1. The energy and beam current must not ex- 
ceed the maximum values used in the checkout. 


2. Proper focusing of the beam must be 
maintained to prevent powerful X rays from 
being produced by impingement of high-energy 
electrons on metal parts inside the accelerator 
tube. 


3. Good shielding of power-generator tubes 
must be maintained. The background radiation 
must be monitored carefully, and all the walls 


around the facility must be surveyed peri- 
odically. 


In cobalt plants: 


1, Cobalt must not be added without a new 
radiation survey. 


2. The integrity of the source must not be 
impaired. Radioactive cobalt metal is generally 
doubly encapsulated for protection against cor- 
rosion, and the first indication of damage would 
be the appearance of cobalt oxide dust in the 
air or, in case of wet storage, particles sus- 
pended in water, 


3. Cobalt must not be inadvertently removed 
from the source frame, 


Properly located radiation-monitoring equip- 
ment ensures safety of operations. Separate 
radiation monitors are set up to measure ra- 
diation levels at the following locations: (1) the 
cell when the source is in “safe” position; (2) 
inside the entrance door to ensure that no 
cobalt is carried out; (3) background of the 
control area; (4) air filter; and (5) water de- 
ionizer in case of pool storage. Periodic radia- 
tion surveys are not needed since there can be 
no change in the emission except for gradual 
decay (about 12% per year). 

In addition to all these safety precautions, in 
both plants all operators wear film badges and 
undergo periodic medical checkups. 
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Cost Comparison 


Capital Investment 


A 6-Mev linear accelerator of about 5 kw 
output requires a capital outlay of about 
$200,000, i.e., $40,000 per kilowatt. One kilo- 
watt equivalent of cobalt radiation costs about 
$45,000. It is important to point out that, al- 
though accelerators can be turned off with no 
wear on the machines, Co decays at a constant 
rate regardless of whether it is used or not. 
However, both types of installations are amor- 
tized on a time basis regardless of the amount 
of use for processing; therefore the calculated 
operating cost takes care of this problem. 

Another important consideration is that of 
increasing radiation capacity in case of. need, 
The capacity of a machine radiation plant can 
be increased above its practical maximum only 
by adding another unit withits shield, conveyors, 
controls, etc.—a complete new installation, If 
enough foresight is exercised during the design 
stage of a cobalt plant, its capacity may be 
significantly increased by the simple addition 
of cobalt, assuming that the shield is thick 
enough and the source frame is large enough, 
Then only the conveyors have to be speeded up 
to increase the throughput, No new capital in- 
vestment is required; only cobalt need be 
bought, 


Operation and Maintenance Labor Costs 


The total of salaries, overtime payments, and 
indirect labor charges for Co plants is only 
20 to 25% of that for accelerator plants, Main- 
tenance costs for “Co plants are estimated to 
be about 10% of those of accelerator plants 
because of the vulnerability of the latter to 
breakdowns and the need for replacement of 
costly parts. 

The manpower requirement for Co plants is 
very low because of their simplicity, much 
greater reliability, and capacity to irradiate 
products in much larger units, Under the 
intermittent supervision of a professional per- 
son, four technicians can operate the plant three 
shifts a day, five days a week, The same tech- 
nicians can handle sampling, dosimetry control, 
and unloading of irradiated products, Only one 
wage person is needed per shift to load the 
input conveyor and keep records, 

For operating an accelerator facility .two 
shifts a day, five days a week, a full-time 








328 i ISOTOPES AND RADIATION TECHNOLOGY 


manager, an assistant manager—both with a 
background of electronics engineering — and 
four or five technicians are needed. The extra 
technicians are required to do the necessary 
repair and preventive maintenance work and to 
cover the work load in excess of two shifts. 
The manager and assistant manager are re- 
sponsible for direction, troubleshooting, and 
planned improvements in equipment and con- 
trols. Quality-control personnel are needed to 
keep records of materials that go through the 
process and to sample the batches for both 
sterility and physical testing. They also perform 
dosimetry work to check scan width, scan 
uniformity, penetration, and radiationdose, Be- 
cause of the limited penetration of accelerator 
electrons, products to be irradiated have to be 
handled in small units (trays), Therefore two 
wage persons are required to man the input 
and output ends of the conveyor system, to 
prepare materials for irradiation, and to re- 
move irradiated products, Quality-control and 
wage personnel must be available whenever the 
accelerators are in operation regardless of the 
time of day or week, This resultsina high level 
of overtime payments and associated premiums, 


Utilities 
Utility costs for the two plants are similar 
but are a little more favorable for “Co plants. 


Depreciation 


A great deal depends on the original cost of 
the installation and on the rate of depreciation, 
If there is only one accelerator in the facility, 
depreciation charges for the two types are 
similar. However, two accelerators are usually 
required, partly to have one as a standby and 
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partly to have some reserve capacity in case 
of uneven product flow. In this case, deprecia- 
tion charges of an accelerator plant will be ap- 
propriately higher. 


Processing Costs 


As a result of the above-discussed factors, 
the processing cost on a weight or unit basis 
is two to three times higher for accelerator 
plants than for “Co plants: 








8°Co Accelerators 
Labor costs, operation 1 4-5 
Labor costs, maintenance 1 10 
Utilities 1 1 
Depreciation 1 1-1.5 
Processing costs 1 2-3 
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Isotopes and Radiation Technology 





In this section papers on activation analysis 
from the Third International Conference on the 
Peaceful Uses of Atomic Energy are presented. 
These papers include a review of recent ad- 
vances in neutron activation analysis, neutron 
counting in activation analysis, and two papers 
on the application of activation analysis to the 
specific problems of analysis of trace elements 
in lake waters and in metals such as lead and 
aluminum. 

The Geneva Conference papers in this sec- 
tion and in Sec. Il, Safety, are handled in the 
same way as were those Geneva papers which 
were in the previous issue of Jsotopes and Radi- 
ation Technology.* Only significant technology 
concerning radioisotopes is given, and refer- 
ences that could not be checked are marked with 
an asterisk. 


Advances in Neutron 
Activation Analysis 


By Vincent P. Guinnt 


Paper 197 

During the past six years, neutron activation 
analysis has advanced rapidly in the United 
States. New and better equipment and techniques 
have increased its capabilities and areas of 
useful application. The widespread use of the 
small neutron generator, coupled with the purely 
instrumental form of the method, is enabling 
activation analysis to be employed widely and 
effectively. It now competes with other methods 
of elemental analysis at both the minor- and 


- 





*See Isotopes and Radiation Technology, 2(3): 199 
(Spring 1965) for a complete description of the type of 
coverage given Geneva papers. 

tGeneral Atomic Division, General Dynamics 
Corporation, San Diego, Calif. 


Development 


major-constituent levels of elements although 
previously it was largely restricted to trace- 
level determinations. The method has also been 
improved at trace-level concentrations by the 
use of high-flux research reactors with special 
provisions for efficient neutron activation, high- 
intensity reactor pulses, and fast reactor neu- 
trons. The principal improvements in equipment, 
techniques, and applications in the physical 
sciences are discussed below. 


Improvements in Equipment 


Marked advances have been made in the 
performance and availability of various types of 
neutron sources for activation analysis and in 
counting equipment used for detection of the 
induced activities. 


NEUTRON SOURCES 


The low-intensity isotopic neutron source, 
which is useful essentially only for teaching 
purposes and some analyses for high-sensitivity 
elements at high levels, has been improved by 
the availability of *“‘Am-Be sources. These have 
the desirable high neutron flux of the earlier 
210Ho-Be and *8*py-Be sources but do not have 
the undesirable short half-life of the *!°Po 
sources (138 days). Americium-241 has a half- 
life of 458 years, which gives it a considerably 
greater specific activity than that of 24,360-year 
"Pe. Americium-beryllium sources capable of 
producing up to 10° n/sec are now commercially 
available. The hoped-for *“Cf spontaneous- 
fission neutron source is still not commercially 
available but should be in the foreseeable future, 
Strain! and Strain and Leddicotte’ reported the 
use of americium-beryllium sources for activa- 
tion analysis, and papers on isotopic sources 
were published recently by Kinsey et al.,* Kohn 
and Green,’ and McFarling et al.’ Similar 
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neutron-output rates are possible with small 
sealed-tube accelerators, such as those de- 
scribed by Oshry.*‘ 


Small-Accelerator Neutron Sources. ° Devel- 
opment of these sources has advanced rapidly 
in recent years. The most widely used accelera- 
tor for neutron irradiation is a small Cockcroft- 
Walton machine that produces 14-Mev neutrons 
by bombardment of a tritium target with 150-kev 
deuterons. With a D* beam current of 1000 pa, 
a 5 curie/sq in. tritium target emits, isotropi- 
cally, about 10'! n/sec. At positions where 
samples of appreciable size (1 to 10 g) can be 
placed and irradiated without too large a flux 
gradient, 14-Mev neutron fluxes of about 10° 
n/(ecm?)(sec) can be obtained. More modest ver- 
sions of such accelerators (100 kev, 200-ya 
current) produce about 10! n/sec and cost 
appreciably less. Properly installed for neutron 
activation analysis, the 10"! n/sec accelerator 
requires approximately 6 ft of concrete shielding 
(or its equivalent), plus 10 to 15 ft of distance, 
for safe continuous use. Somewhat less shield- 
ing is needed at a 10'° n/sec rate. 

The principal limiting problem at present is 
the rapid deterioration of the tritium targets 
with use at maximum beam power. A typical 
target is a thin circular copper sheet, about 
1 in. in diameter, which has on one face a few- 
micron-thick layer of partially hydrided (by 
exposure to tritium gas) titanium containing 
approximately 5 curies of tritium per square 
inch. Since a 150-kev D* ion penetrates only 
about a 1- depth of the titanium tritide layer, 
at full power 150 watts of thermal energy is 
liberated in this thin layer. Even with the beam 
defocused so that it is spread over an area of 
about 1 sq in. and with water cooling on the back 
of the target, the tritide layer is heated con- 
siderably during full-power operation. This re- 
sults in décomposition of the metal tritide and 
loss of tritium to the vacuum system of. the 
accelerator with an appreciable decline in the 
target output rate. Typically, at 150 kev and 
1000 ya, output will decrease by a factor of 2°in 
about 30 min of operation with a target of 
1 curie/sq in. and in 1.5 hr with a target of 
5 curies/sq in. The output rates of both targets 
continue to decline with further use but not so 
rapidly. If a reasonably high neutron flux is to 
be maintained steadily for many hours, it is 
best to start with a fresh target at a moderate 
beam current, perhaps 300 wa, and gradually 
increase the current to compensate for target 
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decline. This can be done automatically, if 
desired, by installing a servomechanism that 
gradually increases the beam current to main- 
tain a constant neutron-flux monitor reading. 
At lower beam powers the decline rate is not 
so rapid, varying, with a fresh target, approxi- 
mately with the inverse square of the beam 
power. One commercially available accelerator 
now has a useful maximum beam current of 
2.5 ma, which provides more reserve power for 
increasing beam current and thus extends the 
time between target changes. 


There have been efforts to improve target 
lifetimes. The older oil-diffusion pump has been 
largely replaced by the Vaclon pump to prevent 
deposition of material from the pump oil onto 
the surface of the target. Freon cooling of the 
target is available instead of water cooling and 
yields some improvement in target lifetime. 
The 5 curies/sq in. target provides both an 
appreciably higher initial output rate and a 
lower decline rate than the older 1 curie/sq in. 
target, but it is somewhat more expensive. 
Larger rotating targets are now available. 
These provide lifetimes of 5 to 10 normal 
targets without the necessity of frequent shut- 
downs for target replacement. Further defocus- 
ing of the beam is helpful to target life, but 
some loss in neutron flux occurs at sample 
locations. Yttrium tritide targets have been pre- 
pared and tested and should be less susceptible 
to decline from thermal decomposition since 
yttrium hydride 1s thermally more stable than 
titanium and zirconium hydrides. So far, how- 
ever, it appears that improvements in target life- 
time achieved with yttrium tritide have been 
rather small, One commercial accelerator now 
incorporates a target-reloading system, which 
permits a partially spent tritium target to be 
periodically recharged by bombarding it tor a 
time with T* ions at a reduced accelerating 
potential. This procedure essentially restoresa 
partially spent target to its original output level 
and can be repeated several times. Target life- 
time is also lengthened by magnetically deflect- 
ing D} ions present in the D” beam away from 
the target. The Dy ions cause target heating, 
as do the D* ions, but contribute very little to 
neutron production. With accelerators using a 
radio-frequency ion source, the D; ions cause 
little trouble since the beam from sucha source 
is about 90% D* and only 10% D;. However, 
these heavier ions are a serious problem with 
the less expensive, simpler, and longer lived 
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Penning type ion source, which produces abeam 
90% in Dy ions and only about 10% in D* ions. 
Such sources currently do not deliver as large 
a D* ion current as do the radio-frequency 
sources. 

For thermal-neutron activation with a mod- 
erate-cost accelerator, a 2-Mev positive-ion 
Van de Graaff has advantages over the smaller, 
less expensive Cockcroft-Walton accelerator. 
It generates 10° to 10° n/(cm?’)(sec) thermal- 
neutron fluxes by the *Be(d,m)'°B reaction; thus 
there is no problem of target lifetime. 

Neutron generators and their uses have been 
described by Anders,° Burrill and MacGregor,® 
Gillespie and Hill,’ Guinn,‘-*!° Guinn and 
Steele,! Meinke,'* Meinke and Shideler,'? Mott 
et al.,'4 and Strain.! 


Nuclear Research Reactors. The pool reac- 
tor is the type most widely used for neutron- 
activation-analysis studies and is generally 
operated at power levels from 100 kw to a few 
megawatts. These reactors provide neutron 
fluxes from 10" to 104 n/(cm?)(sec), depending 
on the type, power level, and location within 
the pool or core. These simple below-ground 
reactors are moderate in cost compared with 
earlier models, and many are being used in the 
United States for neutron activation analysis. 
Fewer water-boiler and graphite-lattice re- 
search reactors are now used in the United 
States for such work. The first reactor ever 
used for neutron-activation-analysis studies, 
the Graphite Reactor of Oak Ridge National 
Laboratory, was finally shut down in Novem- 
ber 1963 on its twentieth anniversary. 

One of the newer types of pool reactors uses 
uranium —zirconium hydride fuel elements. This 
is the TRIGA reactor, which is used very widely 
in the United States and abroad. The hydride 
fuel element provides two desirable features: 
intrinsic safety and the ability to pulse to very 
high flux levels. The 250-kw TRIGA Mark I re- 
actor at General Atomic (GA) provides thermal- 
neutron fluxes of 2 to 4 x 10"? n/(cm?)(sec) in 
regularly available irradiation positions and 
10°-watt pulses that provide peak neutron fluxes 
of about 4 x 10'* n/(cm?)(sec). Buchanan*+'5 tab- 
ulated the detection sensitivities attainable for 
69 elements with a 1.8 x 10"? n/(cm?)(sec) ther- 
mal-neutron flux and 1-hr irradiation in the 
250-kw TRIGA reactor. These sensitivities 
range from 10” to 50 ug with a median of 
0.01 ug. Meinke’ tabulated sensitivities for a 
10% n/(cm*)(sec) flux and various irradiation 
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times. The 1000-kw TRIGA, which has four 
times the wattage of the 250-kw TRIGA, pro- 
vides steady fluxes of 10'* n/(cm*)(sec) and peak 
fluxes, in a pulse, of about 10!’ n/(cm*)(sec). 
This reactor has a rotary specimen rack that 
makes it especially effective for neutron acti- 
vation analysis. The rack contains 40 tubes and 
rotates around the core during irradiation; 
therefore the average neutron flux at a given 
height is exactly the same for all 40 locations. 
Stacking as many as 6 samples vertically in 
each tube provides a total capacity of 240 sam- 
ples for a single irradiation, each group of 40 
having the same flux. The vertical flux gradient 
in the 40 tubes is not large and is accurately 
known. Research reactors and their applications 
to neutron-activation-analysis studies have been 
described by Buchanan (Refs. 4 and 15), Guinn 
(Refs. 4, 10, and 16—19), Meinke (Refs. 20—22), 
and Schmitt (Ref. 23). 


MULTICHANNEL PULSE-HEIGHT 
ANALYZERS AND COUNTERS 


In recent years the vacuum-tube multichannel 
pulse-height analyzer has been largely super- 
seded by completely transistorized units. They 
are more reliable, smaller, lighter, and more 
versatile and consume less power than their 
vacuum-tube predecessors. Typically, the mod- 
ern type incorporates 200 to 512 analysis and 
storage channels (with provisions for dividing 
the memory into two or four equal groups of 
channels); live and static oscilloscope display 
(linear or logarithmic); preset live time and 
clock time; a percentage-dead-time meter; digi- 
tal readout (tape printer or electric typewriter); 
analog readout (oscilloscope camera, x-y plot- 
ter, or strip-chart recorder); and magnetic or 
punched paper tape for spectrum-stripping op- 
erations. A multichannel instrument can be used 
to analyze simultaneously the outputs of two or 
four scintillation counters. The only serious 
limitation is the relatively long, pulse-size- 
dependent dead time (typically amounting to 40 + 
0.2N psec, where N is the channel number) re- 
sulting from the use of the amplitude-to-time 
conversion principle rather than of the faster 
(but drift-prone) stacked-discriminator princi- 
ple of the earliest multichannel analyzers. 

The trend in detection equipment has been to 
the use of relatively large Nal(Tl) crystals 
directly coupled to a photomultiplier tube of 
comparable size. Backscatter is minimized by 
mounting the crystal in a 4-in.-thick lead shield 
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lined with thin sheets of cadmium and copper to 
minimize lead X-ray contributions to the ob- 
served spectrum. Crystal-photomultiplier com- 
binations selected for maximum resolution and 
minimum gain shift at high counting rates are 
available and are very useful. Two commonly 
used crystals are the 3- by 3-in. solid type and 
the 5- by 5-in. well type. Fite et al.‘ incorpo- 
rated a small alpha-particle source in the 
crystal and used its high-energy peak in the 
pulse-height spectrum with an electronic servo- 
mechanism to maintain a constant gain, A com- 
mercially available circuit is based on the 
same principle but has a high-energy peak 
rather than an alpha-particle peak in the sample 
spectrum for monitoring. In most gamma spec- 
trometry a 1-cm-thick layer of plastic is placed 
between the sample and the crystal to screen 
out beta particles with minimum production of 
bremsstrahlung. 


Multichannel gamma spectrometers and their 
uses in neutron activation analysis have been 
described by Brauer and Connally (Ref. 24), 
Crouch and Heath (Ref. 25), Guinn (Refs, 2 and 
4), Heath (Refs. 4, 10, 24, and 25), Perkins 
(Refs. 4 and 10), and Steele et al. (Ref. 10). 
Heath?® and Anders?’ published very useful 
gamma-spectrum catalogs, Strominger et a 
in their Table of Isotopes, summarized the best 
values of half-lives, beta- and gamma-ray en- 
ergies, and decay schemes; and Crouthamel”® 
edited abook entitled Applied Gamma-Ray Spec- 
trometry. 


In beta counting and spectrometry, large well 
type plastic scintillators have found use. Semi- 
conductor detectors are being applied in beta, 
X-ray, and low-energy gamma-ray spectrome- 
try and have excellent resolution. The lithium- 
drifted detector provides relatively thick sensi- 
tive zones (up to 10 mm). The more dense 
germanium type gives better absorption than 
the silicon type but must be refrigerated. Still 
higher atomic number semiconductor detectors 
are under development. Borkowski’ recently 
summarized the field of semiconductor detec- 
tors. Commercial low-background (0.2 count/ 
min) beta counters are now widely used. 


Advances in Techniques 


Several new techniques for neutron activation 
analysis that have been developed within the 
past several years are summarized below. 
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USE OF REACTOR PULSES 

High-intensity short-duration pulses attain- 
able with a pulsed reactor can be used to 
improve the sensitivity of detection of ele- 
ments that form very-short-lived induced ac- 
tivities. For example, in the GA reactor a 
Single pulse produces approximately 500 times 
as much activity of a nuclide having a half-life 
of 0.1 sec as can be produced by operation at 
the normal steady-state power level, 50 times 
as much of a Il-sec ha’‘-life isotope, and 5 
times as much of a 10-sec activity. For an 
induced activity with a half-life of 50 sec, the 
pulse offers no advantage, and for longer lived 
species it is progressively less sensitive than 
longer irradiations at the normal power level, 
Enhancement of sensitivities by means of puls- 
ing has been demonstrated experimentally with 
induced activites from 7.35-sec ‘°N, 12.4-sec 
4p 4,.8-sec "”Br, 16.1-sec **”yY, 7,2-sec 
1m Ay, 10.7-sec °F, 5.5-sec 3" Ww, and 19.5- 
sec ‘*”"Sc, Both thermal-neutron and fast- 
neutron induced activities of short half-life are 
enhanced by use of the reactor pulsing tech- 
nique. The use of reactor pulses for neutron- 
activation-analysis studies has been described 
by Guinn‘-!6,17 and Lukens et al.’° 


USE OF FAST REACTOR NEUTRONS 


The great bulk of reactor-neutron activation 
analysis to date has been done with thermal 
neutrons, Little effort has been devoted to the 
effective use of the higher energy fission- 
spectrum neutrons that also are present in re- 
actor cores at high fluxes (one well-known ex- 
ception is the *S(n,p)**P reaction for detection 
of sulfur). A study of activation analysis with 
fast reactor neutrons in the GA laboratory has 
shown that several elements (e.g., N, O, Si, P, 
Fe, Y, and Pb) can be detected with greater 
sensitivity by activation with fast neutrons than 
with thermal neutrons in the same reactor, 
Furthermore, many other elements are quite 
sensitively detected by activation with fast neu- 
trons, though not so sensitively as with thermal 
neutrons in the same reactor (e.g., F, Mg, Al, 
S, K, Ti, Cr, Co, Ni, Zn, Ge, Se, Br, Sn, and 
Nb). Because of the additional choices of gamma 
energies and half-lives available, the use of 
fast-neutron rather than thermal-neutron-in- 
duced activity can decrease interferences from 
other activities. 

In reactor irradiations the problem of mini- 
mizing (n,y)-induced activities in the sample 
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matrix is serious if the objective is to detect 
an (n,p), (n,a@), (m,2n), or (n,n’) product, Work 
to date with '°B-lined tubes for suppression of 
(n,y) activation has decreased the (n,7) activa- 
tion by factors of 100 to 200, depending on the 
element involved. Additional shielding with one 
or more elements that have large (v,y) reso- 
nances may improve the (7,7) suppression fur- 
ther. The use of °LiD or 7“U liners may be 
helpful not only in screening out low-energy 
neutrons but also in generating additional fast 
neutrons (14-Mev and fission-spectrum neu- 
trons, respectively). 


The fast-neutron sensitivities attainable in 
the GA reactor are 10 to 100 or more times 
better than those attainable with a small 14-Mev 
neutron generator, the ratio depending on the 
reaction threshold and the shape of the curve 
of cross section vs. neutron energy. In the 
pneumatic-tube position (outermost fuel-ele- 
ment ring) of the 250-kw TRIGA reactor where 
the thermal-neutron flux is 4.3 x 10'* n/(cm?) 
(sec), the neutron flux above 1.35 Mev is 7.5 x 
10", that above 3.68 Mev is 1.25 x 10'!, and 
that above 6,1 Mev is 1,9 x 10'° n/(cm*)(sec), 
respectively, Fluxes of 14-Mev neutrons attain- 
able with the small neutron generators are 10° 
to 10° n/(cm?)(sec). 


The use of fast reactor neutrons for activa- 
tion-analysis studies has been described by 
Guinn (Refs, 4, 16—18, and 30), Meinke (Refs, 20 
and 21), and Yule et al, (Ref. 10). 


FAST RADIOCHEMICAL SEPARATIONS 


Where interferences are very severe and 
cannot be sufficiently minimized by proper 
choice of irradiation and decay times, post- 
irradiation radiochemical separations with car- 
riers and holdback carriers may be used, This 
is a long-established technique but has ordi- 
narily been used with conventional chemical- 
Separation methods. These are time consuming 
and hence preclude the effective use of induced 
activities with short half-lives, Meinke‘:!?,21 
pioneered the development of very fast radio- 
chemical-separation techniques, in many cases 
achieving separations-in 5 to 10 min, In the GA 
laboratory’®.1® these techniques are now regu- 
larly used successfully for radiochemical sepa- 
ration of such short-lived species as 2,3-min 
"Al, 3.8-min "vy, 5,8-min “Ti, 8.7-min “°Ca, 
9,5-min 7"Mg, 10.5-min "Co, and 25-min ‘87, 
The method is thus applicable to analyses 
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formerly considered to be impractical by neu- 
tron activation because of severe interferences. 
DeVoe et al.*! and Ruch et al.** used amalgam- 
exchange reactions in radiochemical separa- 
tions. The National Research Council Nuclear 
Science Monograph Series gives radiochemical- 
separation procedures for many elements,*® 


PURELY INSTRUMENTAL TECHNIQUES 


With the advent of the small i:eutron genera- 
tor and the multichannel pulse-height analyzer, 
neutron activation analysis could be effectively 
applied at both minor- and major-constituent 
levels in competition with the many other meth- 
ods of elemental analysis widely used at these 
higher concentration levels. This possibility 
arose because neutron activation could be much 
faster than other methods of analysis for many 
types of samples. Since the small generator was 
much less expensive than a nuclear reactor, 
equipment cost was not prohibitive, It was also 
clear that this method could compete with other 
methods only if purely instrumental techniques 
were employed; if radiochemical separations 
were also used, the great advantage of speed 
was lost. On this basis, Guinn and Wagner™ 
developed a comprehensive system of purely 
instrumental thermal-neutron activation analy- 
sis using a 10°n/(cm?)(sec) accelerator (3-Mev- 
electron Van de Graaff) flux and multichannel 
gamma-ray spectrometry. This method has been 
in routine use for the past 7 years, competing 
effectively with other analytical methods for 
the determination of approximately 25 ele- 
ments, A small Cockcroft-Walton 14-Mev- 
neutron generator for routine fast-neutron acti- 
vation analysis at fluxes in the 10° to 10° 
n/(cm*)(sec) range augments the method, Many 
elements can thus be detected, by either ther- 
mal or 14-Mev neutrons, down to levels as low 
as 1 to 100 ppm in 10-g samples. This develop- 
ment was greatly aided by the earlier, but more 
limited, single-channel-analyzer work of Mor- 
rison and Cosgrove,**** Cosgrove and Mor- 
rison,*’ and Cosgrove et al.,** who used reactor 
activation, and of Atchison and Beamer,*® who 
used accelerator activation, Other aspects of 
this work have been described by Guinn,‘ 
Guinn et al.,“° Wagner et al.,“! and Johnson,’° 
Many laboratories in the United States, particu- 
larly in the petroleum and chemical industries, 
have installed systems for purely instrumental 
neutron activation analysis in which small neu- 
tron generators are used, Interesting results 








334 ISOTOPES AND RADIATION TECHNOLOGY 


10, 42 0 


have been reported by Anders, a Burns,' 
Gilmore and Hull,*** Gray and Cartwright,'® 
Guinn,®-*-“* Guinn and Johnson,*" Iddings,'® Mott 
and Rhodes,'® Steele,” Steele et al.,'® Steele and 
Meinke,‘'“* and Veal and Cook,"® 


The instrumental technique used with reactor 
activation has been described by Buchanan 
(Ref. 4), Guinn (Refs. 4, 10, and 16-19), 
Kramer and Wahl (Ref, 10), and Meinke (Refs. 
20, 21, and 50), 


SPECTRUM STRIPPING 


The technique of simplifying complex gamma- 
ray pulse-height spectrums by means of spec- 
trum stripping was first described by Lee,” 
although not for activation analysis. He used 
“live” stripping, i.e., counting the radioisotope 
to be removed in the same counter under the 
same conditions, but in a subtract mode, and 
observing complete subtraction on the oscillo- 
scope display of the multichannel analyzer, 
This technique was soon extended to stripping 
by means of taped spectrums and a variable 
multiplier incorporated in the multichannel 
analyzer. Both magnetic-tape and punched 
paper-tape units became available. This tech- 
nique is very useful for rapidly obtaining ana- 
lytical results, even in the presence of over- 
lapping photopeaks. The same technique can be 
used not only to remove interferences but also 
to compare directly the activity of an unknown 
with that of an activated standard of that ele- 
ment (or its tape-recorded spectrum), This can 
be done without computing photopeak heights or 
areas by using the counting time required with 
the standard, or the variable multiplier setting 
required with the standard, for complete sub- 
traction of the photopeak of interest. 


The spectrum-stripping method has two main 
disadvantages: its reliance on the oscilloscope 
display for visual estimation of complete sub- 
traction and its sensitivity to gain shifts. For 
accurate work the total gain of the detector- 
analyzer system must be almost exactly the 
same for both sample and standard, Even a dif- 
ference of one channel introduces uncertainty, 
and differences of only a few channels negate 
the method. Selecting photomultiplier tubes for 
minimum gain shift has been described by 
Covell and Euler‘ and Covell.’®:?® Fite et al.‘ 
described a drift-control device, and Guinn and 
Lasch?> described methods of minimizing gain 
shift. 
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AUTOMATION AND COMPUTER TECHNIQUES 


The instrumental method lends itself to auto- 
mation and computer techniques, Kuykendall 
et al.’* and Fite et al.'!® described automatic 
sample-handling and counting systems for such 
work. Guinn® described the application of auto- 
mated systems to process control. 


Computer techniques for the resolution of 
complex gamma-ray spectrums have been de- 
scribed by Nostrand et al.,*’ Kuykendall and 
Wainerdi,*’ Breen et al.,°* Anders and Beamer,™ 
Heath et al.,°° Brice and Heath,®* Burrus,” 
Morrison and Sunderman,” Hull and Gilmore, '® 
Wainerdi et al.,?7 Nostrand and Rossi,” 
Trombka,'®-?5 Burrus and Bogert,”> Chester et 
al.,25 Monahan et al.,”> Drew et al.,”® Nicholson 
et al.,”> Scofield,”® Blotcky et al.,”5 and Steele.*" 
The methods of least squares, spectrum strip- 
ping, and iterative unfolding are used by one or 
more of these authors. Isenhour and Morrison’? 
described a computer technique for the optimi- 
zation of irradiation, decay, and counting con- 
ditions in activation analysis. 


RELATED ACTIVATION-ANALYSIS 
TECHNIQUES 


Although this paper is essentially limited to 
the field of neutron activation analysis, some 
mention should be made of recent advances 
in the closely related fields of charged- 
particle, photonuclear, and prompt-gamma acti- 
vation analysis. The interesting possibilities 
of *He charged-particle activation analysis have 
been discussed by Mahony and Markowitz.!®% 
Photonuclear activation-analysis studies have 
been reported by Lukens et al.,‘’-5* Otvos et 
al.,®° and Lukens.'° Photoneutron methods have 
been applied to the determination of deuterium 
by Guinn® and to the determination of beryllium 
by Guinn,® Goldstein,®*! Levine and Surls,™ and 
Postma and McMurray.'® Activation analysis 
using the prompt gamma rays emitted in either 
thermal-neutron capture or fast-neutron in- 
elastic scattering has been described by 
Caldwell,'® Greenwood et al.,'4** Greenwood 
and Reed,‘ 94 -Haffner et al.,? Clark and 
Rasmussen,” and Waggoner et al.!° 


New Applications 


As the capabilities ofneutron activation anal- 
ysis have increased with the availability of 
better equipment and new techniques, the method 
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has found increased application in science and 
industry. Some of these new applications are 
described below. 


PETROLEUM AND CHEMICAL INDUSTRIES 


These industries have been leaders in the 
industrial application ofneutron activation anal- 
ysis, especially with the small neutron gen- 
erators described earlier. Several companies 
use these generators for routine analyses at 
the 1- to 100-ppm and higher levels to deter- 
mine nitrogen, oxygen, the halogens, and nu- 
merous metals in cores, crude oils, feedstocks, 
catalysts, polymers, and synthetic rubber. Rel- 
evant published papers include those by Anders, '” 
Caldwell,'® Caldwell and Mills,** Gray and 
Cartwright,'° Guinn and Wagner,** Guinn et 
al.,4% Tddings,'® Johnson,'* Mott and Rhodes, '® 
and Steele.” 


COAL INDUSTRY 


Recently, conventional neutron activation 
analysis and prompt-gamma techniques employ- 
ing a neutron generator have been applied to 
the rapid and routine analysis of coal for its 
carbon and ash contents (aluminum, silicon, 
and oxygen). Nuclear techniques in coal analysis 
were described by Martin et al.'%*4 


METAL AND SEMICONDUCTOR INDUSTRIES 


With the growing importance of very pure 
metals (e.g., the alkali metals and beryllium) 
and semimetals (e.g., silicon and germanium) 
neutron activation analysis is finding increased 
application. Recent studies have been reported 
by Burns,'® Guinn,*®®: and McCrary et al.‘ 
The determination of oxygen in metals, espe- 
cially, has attracted much attention. 


PESTICIDE RESIDUES 


The possible toxic effects to man and lower 
animals from wide-scale and excessive appli- 
cations of pesticides in farming have become of 
great concern. In the determination of tolerance 
levels and violations of government regulations, 
large numbers of analyses for pesticide resi- 
dues in crops and processed foods are required. 
Guinn and Potter®* found that bromine residues 
in crops resulting from soil fumigation with 
bromide-containing nematocides could be 
rapidly determined by neutron activation analy- 
sis. As many as 240 samples can be activated 
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in a single 30-min irradiation, and the induced 
36-hr “Br activity can be rapidly determined 
instrumentally after 2 days’ decay. Lindgren 
et al.*’ extended the technique to the determi- 
nation of bromine residues in stored grain 
resulting from fumigations with methyl bro- 
mide. Castro and Schmitt®® studied bromine 
residues from nematocides and also traces of 
DDT in plant extracts. Schmitt and Zweig®® 
measured the DDT content of butterfat samples 
by the same technique, Guinn,’’ using neutron 
activation analysis, determined traces of mer- 
cury in wheat that resulted from illegal 
contamination with mercury-treated seed. Ap- 
plications of the technique for the determination 
of pesticide residues have been summarized by 
Schmitt," Buchanan and Guinn,” and Guinn and 
Schmitt.” 


GEOLOGY AND GEOCHEMISTRY 


All the rare-earth elements in meteorite and 
rock samples have been accurately determined 
by Schmitt et al.,“* Mosen et al.,” Murthy 
and Schmitt," Goldberg et al.,"® Schmitt and 
Goles,'® and Schmitt and Smith."? Corless and 
Winchester’® found precise values for the 
calcium-isotope ratios in rocks by determining 
the “*ca by neutron activation analysis and the 
total calcium by chemical methods. 


SCIENTIFIC CRIME DETECTION 


One of the most fascinating new applications 
of the technique is in criminalistics. The ultra- 
sensitivity of the method, which is achieved by 
use of the high neutron flux of a reactor, can 
extend the scope of the professional criminalist 
in his examination of physical evidence. Where 
the method can be applied in its purely instru- 
mental form, the samples can be preserved for 
presentation in court. 

General Atomic has developed a new acti- 
vation-analysis technique for identification of 
gunshot residues on the gun hand of a suspect. 
The very unreliable chemical test (the paraffin 
test), which is no longer accepted in court, is 
based on the detection of nitro compounds re- 
moved from the back of the hand with paraffin. 
These compounds form a blue color with di- 
phenylamine reagent. The activation method is 
based on the detection of traces of barium and 
antimony similarly removed from the hand. 
These elements are present in the primers of 
cartridges, and microgram or submicrogram 
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amounts are deposited on the hand when a re- 
volver, automatic pistol, or rifle is fired. The 
amounts deposited by even a single firing are 
readily determined by 30-min activation in the 
reactor, radiochemical separation of 84-min 
139Ba and 2.8-day Sb with carriers, and count- 
ing. Usually only slight traces of these two 
elements are found on the hands of persons who 
have not recently fired a gun. Deposits of 
barium and antimony are also found on the face 
of a person firing a rifle. Studies are now in 
progress in which trace levels of various high- 
sensitivity elements are incorporated in the 
powder of the cartridge. These elements are 
less common than barium or antimony, can be 
detected even more sensitively by neutron 
activation analysis than barium or antimony, 
and make it possible for various manufacturers 
to code their gunpowders with different tracer 
elements. 

At GA many other materials of forensic 
interest have also beer examined for their 
trace-element characterization possibilities. 
These include soil, paint, glass, paper, tire 
' rubber, automobile grease, and hair. Activation 
analysis shows great promise for identifying the 
source of even a tiny sample of material evi- 
dence, and evidence from this method is now 
being introduced in court. Portions of this work 
have been published by Ruch et 93 Be ont 
by Guinn,** 

Forensic studies of paint, hair, opium, and 
other types of samples have been reported by 
Leddicotte et al.®° and Bate et al. '*®® Studies 
of human hair samples at GA and at Oak Ridge 
National Laboratory have substantiated and ex- 
tended the findings on hair reported by Jervis 
in Canada and Lenihan in Scotland, i.e., that the 
trace-element composition of hair can provide 
truly individual characterization, Neutron-acti- 
vation-analysis data were introduced for the 
first time into a U. S. court on Mar, 16, 1964, 
when Pro and Schlesinger presented analyses of 
soil samples involved in a liquor case. The 
data were accepted, and the case was won| see 
Isotopes and Radiation Technology, 1(4): 352 
(Summer 1964)|. 


SPACE STUDIES 


A highly miniaturized automatic neutron- 
activation-analysis device has been designed for 
remote, unmanned analysis of the surface of the 
moon in one of the forthcoming Surveyor mis- 
sions, The device, weighing only about 30 lb, 
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consists of a small sealed-tube accelerator 
source of 14-Mev neutrons, a scintillation 
counter, and a compact 256-channel pulse-height 
analyzer. Provisions have been made for acti- 
vation with thermal and 14-Mev neutrons and 
measurement of both prompt and decay gammas, 
Various aspects of this program have been re- 
ported by Greenwood and Reed,!**4 Haffner 
and Terrell,™4 Lee et al.,°° Metzger, '® Steele, ® 
Trombka,’® and Waggoner et al.’° 


OXYGEN DETERMINATIONS 


The rather special technique of analyzing 
virtually any type of sample for trace and 
higher levels of oxygen by activation analysis 
with 14-Mev neutrons has found very wide 
application. Many laboratories in the United 
States now use a small neutron generator [10"° 
to 10'! n/(em?)(sec)| for rapid, routine, non- 
destructive determination of oxygen by the 
high-threshold (9.6-Mev) '*O(n, p)'®N reaction. 
Since '*N has a half-life of only 7.35 sec, irra- 
diation and counting periods need only be 15 to 
20 sec each. Samples are injected into the neu- 
tron flux, irradiated, and then ejected from the 
flux to the scintillation counter in a transit 
time of 1 to 2 sec. Since the gamma rays of *N 
are exceptionally energetic (largely 6.13 Mev), 
the determination is unique except in the pres- 
ence of fluorine, which also forms ‘N by the 
19F(n,a)'®N reaction. Fluorine, if present, can 
be detected and corrected for. 

E. L. Steele at GA constructed an automated 
system in which there is a dual pneumatic-tube 
transfer system; sample and oxygen standard 
are rotated during activation, and the sample is 
counted with a pair of 3- by 3-in. Nal(Tl) crys- 
tals. The standard sample is counted by a 
single 3-in. crystal. Two single-channel pulse- 
height analyzers are used. Iddings’® found the 
dual transfer system to provide better precision 
than can be attained with flux-monitoring sys- 
tems. An electric motor rotates the sample and 
standard during irradiation, but in other re- 
spects the system is equivalent to the air-driven 
rotation device described by Anders.'® With a 
fresh tritium target, samples can be exposed to 
14-Mev neutron fluxes of about 10° n/(cm’) 
(sec). Under these conditions the practical limit 
of detection for oxygen is about 0.1 mg, or 
5 ppm in a 20-g sample. At higher oxygen levels 
precisions and absolute accuracies of +2% of 
the value are attainable in a single determina- 
tion. The same sample can be analyzed re- 
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peatedly, if desired, to provide better precision. 
A nitrogen atmosphere and special containers 
(copper, aluminum, and polyethylene) with low 
oxygen content are used to decrease the blank 
correction. Some samples are irradiated with 
no container. W. F. Harris at GA extensively 
compared oxygen values for various metals ob- 
tained by the activation method using 14-Mev 
neutrons with values obtained by the vacuum- 
fusion method. Agreement was excellent, even 
for oxygen levels down to 20 ppm. This com- 
parison was reported by Guinn.*® Lukens and 
Lasch'® developed a Cerenkov counter for de- 
tection of the very-high-energy beta particles of 
‘én (10.4 Mev E,,,.) even in the presence of 
very-high gamma-radiation levels, up tol r/hr. 

Important papers on the fast-neutron method 
for determination of oxygen have been published 
by Anders,’ Burns,'® Iddings,'® McCrary and 
Baggerly,‘ Steele and Meinke,** Veal and Cook, *® 
and Volborth and Banta.* 


PROCESS CONTROL AND USE OF 
STABLE TRACERS 


The small neutron generator, coupled with 
the instrumental method, lends itself well to 
process-control applications. Several of these 
studies currently in progress in various in- 
dustries were reported recently by Guinn.” 
Tarras and Pirtle®® described an application of 
stable-element tracers, subsequently detected 
by neutron activation, in an air~pollution study. 


Education 


Four books on activation analysis have been 
published.*’-® Literature reviews have been 
prepared by Meinke* for 1958-1959 and by 
Leddicotte™™ for 1960-1961 and 1962-1963. 
A 40-min professional-level training film en- 
titled “Neutron Activation Analysis” has been 
completed for the U. S. Atomic Energy Com- 
mission by GA. 
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Neutron Counting in 
Activation Analysis 


By S. Amiel* 


Paper 825 (abridged) 

Neutron emission is a relatively rare phe- 
nomenon in radioactive’ decay. When it is ob- 
served under specified conditions or associated 
with another property (e.g., half-life), it can 
be used for identification and assay of specific 
nuclides and elements in an irradiated sample. 
The same is true for the emission of neutrons 
from a nuclear reacting system, especially 
with radioactive sources, where the emission 
is frequently characteristic of the source or 
target nuclides. 

Neutrons can be detected selectively without 
any interference from beta- and gamma-ray 
background. This is an advantage compared 
with beta- or gamma-ray counting, where there 
is practically no specificity without chemical 
separation. Neutron detection also has advan- 
tages over gamma-ray spectrometry, where, 
without chemical separation, identification of 
characteristic peaks and their resolution might 
be very difficult in complex samples because 
of interferences from the multitude of peaks, 
shifts, and variations in the spectrums. Another 
favorable feature of neutron counting is the 
relatively high efficiency of detection with 
equipment that is simple and made of inexpen- 
sive components such as BF; proportional 
counters, water or paraffin moderators, and 
rather conventional electronic gear. The spec- 
ificity of neutron emission and the salient fea- 
tures of neutron counting make neutrons a very 
useful analytical tool—analyses can be per- 
formed nondestructively and without radio- 
chemical separations. 

This paper reviews recent and current work 
at this laboratory on the development and use of 
neutron-counting techniques for analysis. The 
processes investigated for their analytical pos- 
sibilities were delayed-neutron emission, pho- 
toneutron emission, and (a ,n) reactions. 





*Israel Atomic Energy Commission. 








340 ISOTOPES AND RADIATION TECHNOLOGY 


Delayed-Neutron Emission 


Except for isotopes of the heavy elements, 
which undergo spontaneous fission, the number 
of radioactive nuclides known to emit neutrons 
in decay is very limited, and their half-lives 
are short, ranging from a fraction of a second 
to some tens of seconds. These nuclides, known 
as delayed-neutron precursors, originate from 
nuclear reactions leading to neutron-rich nu- 
clides having a few neutrons more than a 
closed-shell configuration. They decay by beta- 
ray emission to an excited state of the daugh- 
ter, from which deexcitation by neutron emis- 
sion is energetically possible. The neutron 
emission is an instantaneous process, but its 
rate is determined by the decay of the precur- 
sor, and it has the same half-life. 

Most of the known delayed-neutron precur- 
sors are fission products; a few others have 
been observed in the products of high-energy 
spallation of medium-weight nuclei and in fast- 
neutron- or triton-induced reactions with some 
light nuclei. This review deals only with the ob- 
servation of delayed neutrons from reactor ir- 
radiations, where the fission products* and '’N 
are the only practical sources of delayed neu- 
trons. 

Delayed-neutron emission is quite rare, and 
the two sources have significantly different 
half-lives. Their production can be made spe- 
cific by appropriate choice of source materials 
and irradiation conditions. The detection of 
delayed neutrons without interference is of 
great importance since an intense background 
is always present as a result of the radioac- 
tivation of other components of the sample. 


FROM ?'N 


The delayed-neutron precursor 4.1-sec '"N 
can be produced directly by neutron irradia- 
tion in the reactions (Ref. 1) 


"O(n,p)'"N, Q =—7.93 Mev (1) 
8 (n,d)'"N, Q =—13.77 Mev (2) 


or by secondary reactions with the 2.7-Mev 
tritons from ®Li(n, @)t: 


189(¢,a)'"N, @ = 3.82 Mev (3) 





*A section of this paper that discusses delayed- 
neutron emission from fission was not included in the 
Isotopes and Radiation Technology review. 
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16n(¢,p)"N, @=—0.15 Mev (4) 


The application of delayed-neutron counting for 
determination of oxygen by reactions 1 and 2 is 
possible only with high fluxes of fast neutrons; 
when ®Li is present with oxygen, the produc- 
tion of 'N from reaction 3 predominates. 
The very-high cross section of the reaction 
*Li(n,a)t with thermal neutrons leads to a high 
yield of ‘"N and makes it possible to use the 
delayed-neutron emission of '"N for analysis. 
When nitrogen is present with ®Li, '"N can also 
be produced by the reaction !*N(¢,p)!"N. 

The extent of '"N production depends on the 
degree of mixing of *Li with the oxygen- or 
nitrogen-containing medium because of the short 
range of the tritons. Solutions provide maxi- 
mum intimacy and homogeneity and, when di- 
lute, eliminate the need for corrections for 
self-shielding and attenuation of tritons. The 
production of '"N in dilute *Li solutions ir- 
radiated with thermal neutrons is propor- 
tional?* to the total *Li content of the sample 
and to the atom fraction of '°O but independent 
of the water content. Hence the neutron emis- 
sion from 'N can be used to determine the ®Li 
content of a solution if the atom fraction of '8o0 
of the sample is known; conversely, if the *Li 
content is known, the atom fraction of ‘80 can 
be determined. Nitrogen-15 can be determined 
by an analogous process. The determination of 
‘Li, ‘0, or '5N by this technique need not be 
limited to solutions since any other intimate 
mixture of ®Li and “80 or °Li and 'N will yield 
‘WN when irradiated with neutrons. The !"N pro- 
duction parameters for solid mixtures, colloidal 
systems, or compounds should be determined 
specifically for each case since they depend on 
the physical properties of the sample. 

A 20-sec irradiation results in the buildup 
of ''N virtually to its saturation level, and count- 
ing its activity over an equal periodis sufficient 
to record greater than 95% of its decay. There- 
fore analyses based on measuring '"N are very 
rapid and require less than 45 sec for the en- 
tire procedure of irradiation and counting. 


Determination of '*O. The importance of '80 
as a stable tracer for oxygen has created the 
need for rapid analytical methods. The delayed- 
neutron count is directly proportional to the 
atom percentage of ‘80 and is independent of 
sample size, provided the lithium content is 
fixed and the irradiation conditions are constant. 
Ratios of oO to *Li atoms ranging over many 
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orders of magnitude do not affect the propor- 
tionality between the neutron counts per unit 
weight of *Li and the ‘80 concentration. This 
proportionality makes possible a selection of 
suitable *Li contents to give a neutron count in 
a predetermined range and thus decreases 
statistical errors in counting provided the *Li 
content is kept below a level where errors from 
self-shielding become important. 

The reaction “0(¢,a)'"N may be used’ for 
determining total oxygen. Intimate mixtures of 
the sample and *Li can be made by mixing fine 
particles in an inert-gas atmosphere, by fusing 
them together, or by dissolving them in an 
inert medium. The measurements are made in 
a way analogous to that in the determination of 
1869, and the total oxygen content may be derived 
if the isotopic composition of the oxygen is 
known. 


Other Analytical Uses of ''N. The formation 
of '"N by fast-neutron irradiation of oxygen in 
the absence of *Li can form the basis for the 
determination of total oxygen in a sample. This 
can be done either with a high flux of fast neu- 
trons in a reactor or with neutrons from an 
accelerator. A fission-spectrum neutron flux 
of 10'* n/(cem?)(sec) will give at saturation a 
total neutron emission of about 650 n per milli- 
gram of oxygen.! 

The production of ''N by the reaction 
'5n(7,p)'"N could form the basis for the deter- 
mination of “N, which is an important stable 
tracer for nitrogen. Such an analysis requires 
1869 to be absent from the sample or to be pres- 
ent only in known and very low amounts since 
its presence would contribute background that 
would have to be deducted from the measured 
count of the sample. 


DELAYED-NEUTRON COUNTING 


Analysis by counting delayed neutrons in- 
volves irradiation of the sample in a neutron 
flux from a reactor or from some other neutron 
source of sufficient strength, transfer to a 
neutron-counting assembly, and counting after 
a certain delay. 

The counting apparatus used in conjunction 
with the Israeli Research Reactor-1 is out- 
lined diagrammatically in Fig. 825-1. The as- 
sembly was a ring of six '*BF; neutron counters 
embedded in a block of paraffin. During count- 
ing the sample was situated in the center of the 
block. Pulses from the counters were fed 
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Fig. 825-1 Neutron-counting assembly and block 
diagram of electronic circuit. 








through an amplifier to a fast scaler that was 
started automatically by an electronic timer 
after a definite preset delay period at the end 
of the irradiation. An array of borated-paraffin 
bricks around the counting assembly shielded 
the counters against background radiation. 

Gamma-ray background was discriminated 
against efficiently, and the counting assembly 
results were reproducible over long periods. 
Photoneutron emission induced by other activi- 
ties in the sample or sample container by the 
action of high-energy gamma rays on the deu- 
terium of the paraffin was negligible. 

The counting efficiency of delayed neutrons 
from fission and '"N was about 10%. 


Photoneutron Emission 


Radioactivation analysis is commonly based 
on the formation of a specific radioactive nu- 
clide and subsequent measurement of its radia- 
tions. When other activities are present and 
chemical treatment should be avoided or is 
impossible because of the short half-life of the 
nuclide in question, gamma-ray spectrometry 
is used to resolve the characteristic gamma 
ray of interest. When the resolution is insuf- 
ficient because of a complex spectrum, coin- 
cidence analysis is practiced in favorable 
cases, e.g., gamma-gamma cascades. These 
techniques require relatively expensive instru- 
mentation, and results are occasionally unsat- 
isfactory. Destruction of the sample by chemi- 
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cal separation is then unavoidable; and, when 
the half-life of concern is very short, the con- 
centration is at trace level, and the matrix is 
complex, then conventional activation analyses 
is unsatisfactory. 

When the radionuclide in question has a rel- 
atively high-energy gamma ray, it is sufficient 
in most cases to discriminate against lower 
energy gamma rays and to measure the gross 
activity of radiation above this level. Further 
differentiation from other activities in the 
same energy range is made by following the 
half-life. When the nuclide of concern occurs 
in a complex matrix and its activity forms only 
a small part of the gross activity of a highly 
active sample, analysis without prior chemi- 
cal processing is hindered by overloading of 
the detector and its paralysis during most of 
the counting time. Under these conditions elec- 
tronic discrimination becomes difficult, and 
the accuracy and sensitivity decrease. Either 
chemical separations or, ifnondestructive anal- 
ysis is essential, a detector insensitive to 
gamma radiation below the energy in question 
is required to achieve the desired results. The 
photodisintegration of beryllium or deuterium 
and the emission of photoneutrons take place 
with gamma rays of energies greater than 1.67 
and greater than 2.23 Mev, respectively. This 
phenomenon suggests that a detecting system 
based on counting the emission of photoneutrons 
from beryllium or deuterium would be entirely 
insensitive to energy quanta below the photo- 
neutron threshold. An additional advantage of 
such a system would be the possibility of de- 
tecting emitted neutrons against any beta or 
gamma background. 

The number of radionuclides that emit gamma 
rays with energies greater than 1.67 or greater 
than 2.23 Mev is relatively small, and their 
number can be decreased still further when a 
specific half-life range is selected. Thus a 
great degree of selectivity is indicated. This 
selectivity is the basis for the assay of nu- 
clides emitting high-energy gamma rays and 
makes possible their determination by neutron 
or charged-particle radioactivation. The emis- 
sion of photoneutrons from deuterium was used 
for the analysis of deuterium in water samples‘ 
by comparing their neutron activities with those 
of standards placed as targets around an in- 
tense source of “Na. Photoneutron emission 
from beryllium was used analogously for its 
assay. The method of analysis described here 
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is the same in principle but has the roles of 
source and target interchanged; i.e., the source 
is unknown and the target constant as opposed 
to the beryllium or deuterium determination 
where the source is constant and the target un- 
known. 

Clearly the form of the sample for such an 
analysis is important; it should not contain 
large quantities of neutron absorbers or ma- 
terial that could lead directly to neutron emis- 
sion. 

Samples containing large amounts of neutron 
absorbers lead to low values. Absorption is 
indicated when the photoneutron emission is not 
proportional to the sample weight. The true 
result can be obtained by adding a known amount 
of the element in question to the sample as an 
internal standard (spike). A sufficiently thick 
layer of beryllium or deuterium should be 
placed around the source to obtain the maxi- 
mum output of photoneutrons. An efficient way 
to detect the photoneutrons is to count them 
after they have been thermalized by a modera- 
tor. Ideally, thermal-neutron counters should 
be placed in a 4n arrangement around the pho- 
toneutron source and immersed in a bath of 
heavy water or embedded in a beryllium block. 
Boron-10 trifluoride proportional counters are 
efficient neutron detectors of very-low sen- 
sitivity to gamma radiation. The irradiated 
sample is lowered into the counting assembly 
(Fig. 825-2) in the center ofa flask containing 
1 liter of heavy water (>99% D,O). Neutrons 
generated in this container are counted with 
six ‘BF, proportional neutron counters which 
are in a ring and are connected in parallel toa 
scaler and supplied from a common high-volt- 
age source. The entire assembly is embedded 
in a block of paraffin, and external neutrons 
and gamma radiations are absorbed by a wall 
of lead and borated-paraffin bricks. The oper- 
ating background is approximately 10 counts/ 
min. Pulses from the counters are fed to 4 
recording scaler that has its counting period 
controlled by an electric timer. Spurious counts 
from intense gamma radiation can be detected 
by replacing the heavy water with natural water 
and again determining the counting rate. The 
difference between the counting rates of heavy 
water and natural water gives the photoneutron 
counting rate of the source. The ratio of the 
counts from the two measurements agrees well 
with the ratio of their deuterium contents 
(1.5 x 107), 
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Fig. 825-2 Photoneutron measurement assembly and 
block diagram of electronic circuit. 








Possible interference from sample constitu- 
ents that lead to neutron emission was deter- 
mined in the same way. In samples in which 
(a,x) reactions or fission could occur to give 
neutron counts not arising from deuterium, the 
interferences were detected and counted with 
natural water around the sample. Photoneutron 
emission from beryllium-containing samples 
was checked simiiarly with heavy water as the 
photoneutron radiator. When beryllium was used 
as a radiator, interference was checked by 
beryllium removal from or replacement in the 
assembly. 


DETERMINATION OF SPECIFIC ELEMENTS 


Sodium, Radioactivation analysis’ of sodium 
is based on the formation of *“Na by neutron 
Capture. This isotope has a half-life of 15.0 hr 
and decays through a cascade of gamma rays 
of 2.75 and 1.37 Mev. 
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The photoneutron counting apparatus shown 
in Fig. 825-2 was calibrated and the precision 
of the method determined from the photoneutron 
emission rates of samples of known sodium 
content which were irradiated in various fluxes 
for varying times. No deviation from the 15.0- 
hr half-life was observed during an activity 
decrease of several orders of magnitude. 

Absolute calibration of the apparatus was ac- 
complished by observing the counting rate of 
photoneutron emission from standardized *4Na 
sources. In the experimental apparatus de- 
scribed above, 4Na gave 1 photoneutron count 
for every 2.45 x 10‘ disintegrations; the use of 
a larger D,O container would decrease the ratio 
proportionally. 

The photoneutron counting rate obtained from 
sodium after irradiation for 1 hr at a flux of 
10’? n/(em*)(sec) was 15.6 + 0.3 counts/min per 
microgram of sodium. The method permits, for 
example, the determination of 0.3 ug of sodium 
and has a precision of 10% when the sample is 
irradiated 1 hr at a flux of 10'* n/(cm?)(sec). 
Higher sensitivities and better precision are 
possible with higher flux or longer irradiation. 

A serious interference might arise from 
14.1-hr "Ga, which at present cannot be dis- 
tinguished from 15-hr *4Na because of close 


relevant properties (photoneutron emission and 
half-life). 


Manganese. Gamma rays of the high-energy 
part of the spectrum of 2.58-hr Mn, in the 
same manner as those of *“Na, produce photo- 
neutrons from both beryllium and deuterium. 
This property was used® for nondestructive ac- 
tivation analysis of manganese and assay of 
6vin by counting photoneutrons from heavy 
water. Although only 1 -photoneutron for every 
1.37 x 10° disintegrations of °*Mn was observed 
under the experimental conditions, the detect- 
ability of manganese was 10 yg for a 1-min 
irradiation at a flux of 10'* n/(cm?)(sec). The 
photoneutron activity observed was approxi- 
mately 300 counts/min per milligram of man- 
ganese. The precision of the method is about 


1%. 


Sulfur and Calcium. Both sulfur and calcium 
are very difficult to determine by neutron ac- 
tivation and gamma-ray spectroscopy since 
the major radioactive products resulting from 
their irradiation are rather long lived and are 
pure beta emitters. Therefore chemical pro- 
cessing and beta counting are used." Sulfur-37, 
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5.1-min half-life, produced from neutron cap- 
ture in 5, and 8.8-min “Ca, produced from 
46ca, are high-energy gamma-ray emitters; 
but, because of the very low abundance of their 
parent nuclides (0.014% %s and 0.18% ca), 
their assay by gamma-ray spectrometry, even 
with a multichannel analyzer, is normally very 
difficult because of summation peaks and other 
interferences that prevent their resolution in a 
highly active sample. Their short half-lives 
make chemical processing inconvenient. These 
difficulties are avoided by counting photoneu- 
trons from D,O in a method similar to that for 
sodium and manganese. 

One neutron count was observed for approxi- 
mately 1.1 x 10‘ disiategrations of *"S or for 
approximately 1.7 x 10‘ disintegrations of *°Ca. 
The specific activity measured experimentally 
was about 15.0 counts/min for 1 yg of sulfur 
irradiated 10 min in a flux of 10" n/(cm*)(sec), 
and the corresponding value for calcium was 
about 600 counts. The values were proportional 
over a wide range. The precision of the method 
for the determination of both sulfur and calcium 
was 2 to 3%. 


Aluminum, Aluminum-28, 2.3-min half-life, 
is the only isotope of aluminum produced upon 
neutron capture. It is extremely difficult to 
separate chemically for subsequent activation 
analysis when present in a complex sample 
because of its short half-life. When present at 
trace levels, its 1.78-Mev gamma ray is fre- 
quently masked by the tail or sum peaks of the 
lower energy, but still very intense, gamma 
rays of accompanying activities. Gamma rays 
of 1.78 Mev are sufficient to cause photoneutron 
emission from beryllium. This property was 
used® for the determination of aluminum in 
alloys where, upon activation, the formation of 
gamma rays with energies equal to or greater 
than 1.67 Mev is rare. This phenomenon was 
verified by experiments that demonstrated the 
specificity of photoneutron counting for analysis 
of aluminum. The photoneutron activity ob- 
served was 430 counts/sec per milligram of 
aluminum irradiated 1 min at a flux of 10% 
n/(cm?)(sec). This value was proportional to 
the aluminum content. The precision of the 
method was about 2%, and 1 neutron count was 
observed for each 3.12 x 10‘ disintegrations of 

Sl. 


Other Elements. The assay of *°Cl for the 
determination of chlorine, of ‘*La for lantha- 
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num, of "Ga for gallium, of Nd for neodym- 
ium, and of several other nuclides is being 
studied. Special attention is being given to fis- 
sion products that might interfere. 


Neutron Emission from (a,n) Reactions 


Only the light elements interact with alpha 
particles to emit neutrons. With an appropriate 
sample matrix and a suitable alpha source, 
certain light elements present in the sample 
can be assayed, e.g., beryllium in ores by 
means of a polonium source; or the activity of 
a specific alpha emitter present and in contact 
with a given light element can be determined. 

Of great importance is the interaction of 
alpha particles with the heavy isotope of oxygen. 
A very-high yield of neutrons was obtained*" 
upon interaction of alpha particles with “Oo, 
This property was used for construction of a 
new type of neutron source."! 


DETERMINATION OF 1440 


The determination’ of the concentration of 
1869 is very important in studying processes and 
reactions involving oxygen and in tracing its 
path in chemical and biological systems. The 
nuclear reaction 'O(a,n)*4Ne was used for 
analysis of various '°0-labeled substances by 
bombarding the samples (in the form of gases, 
solids, or liquids) in an alpha-particle flux and 
then counting the neutron emission. The method 
is made feasible by the substantial yield of neu- 
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trons from a thick '%o target, e.g., 30 neutrons 
per 10° alpha particles from *°Th and its decay 
products.'° 

An experimental assembly for scanning paper 
chromatograms is shown in Fig. 825-3. The 
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Fig. 825-4 Neutron-emission scan of a paper chro- 
matogram containing three nearly identical bands of 
an 80 -containing material. 


efficiency was approximately 3% with four 
"BF, neutron detectors. Sensitivities of a few 
micrograms of "po per square centimeter were 
obtained when fluxes of about 10’ alpha parti- 
cles/sec struck the paper chromatogram. The 
limiting factor was background from the struc- 
tural oxygen of the paper. A typical scan of a 
paper chromatogram containing three nearly 
identical bands of an '*O-containing material is 
given in Fig. 825-4. 
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Determination of Trace 
Elements in the Greek 
Lakes by Neutron 
Activation Analysis 


By A. P. Grimanis, G. Pantazis, C. Papadopoulos, 
and N. Tsanos* 


Paper 854 (extracted) 

In the past, spectrographic methods have 
usually been used for determining trace ele- 
ments in lakes.' These and other conventional 
methods are, however, restricted for some 
elements because of insufficient sensitivity and 
large reagent blanks. One promising method of 
analysis for elements present in microgram or 
submicrogram quantities in lake waters is 
neutron activation analysis,’~’ which has the 
advantages of great sensitivity®»® for many ele- 
ments and elimination of reagent contamination 
and reagent blanks. 

This paper reports the application of neutron 
activation analysis for the determination of 14 
trace elements in the 11 most important lakes 
of Greece. 


Experimental 


Samples were collected with a Ruttner water 
sampler from the surface and at a depth of 5 or 
15 m, depending on the maximum depth of the 
lake. The 14 elements investigated were silver, 
gold, arsenic, barium, bromine, chlorine, cop- 
per, iodine, manganese, potassium, sodium, 
rhenium, vanadium, and zinc. 

Lake-water samples were filtered and pi- 
petted into polyethylene tubes of 1.3-, 7.4-, or 
30-ml capacity which were then heat-sealed, 
Volumes of standards equal to those of the 
samples were prepared as dilute aqueous solu- 
tions with triple-distilled water’? and handled 
similarly. The concentration of a particular 
element in a standard solution ranged from 5.0 
to 0.05 ug/ml and depended on the element under 
investigation and on the irradiation time. This 
range of concentration was selected to permit 
processing and counting after irradiation with- 
out additional dilution. 





*Democritus Nuclear Research Center, Chemistry 
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To increase the sensitivity in samples ana- 
lyzed for rhenium, vanadium, and zinc, 100 ml 
was evaporated to dryness and the residue was 
dissolved in 5 ml of distilled water and trans- 
ferred to the polyethylene tubes for irradiation. 

All neutron irradiations were done in the 
Democritus Reactor of the Nuclear Research 
Center of Greece. For irradiations up to 30 
min, the pneumatic-transfer rabbit system was 
used. This system permits irradiation at a 
thermal-neutron flux of 2 x 10! n/(cm?)(sec) 
and delivery of the sample to the laboratory 
within 7 sec after irradiation. Irradiations with 
the rabbit system were made for chlorine, io- 
dine, sodium, silver, and vanadium. 

In-pool irradiations were made for the other 
elements under investigation. Irradiation times 
were 2 hr for barium, copper, and manganese 
and 8 hr for arsenic, bromine, gold, potassium, 
rhenium, and zinc. Samples and standards in 
the polyethylene tubes were suspended verti- 
cally in the reactor with nylon strings. The 
thermal-neutron flux at the sample location 
was about 2 x 10"! n/(cm?)(sec). 


INSTRUMENTAL NEUTRON ACTIVATION 
ANALYSIS 


Excellent studies on instrumental or non- 
destructive activation analysis have appeared 
in the literature recently.!'~* We applied this 
technique for chlorine, sodium, and silver. 


Chlorine and Sodium. Samples and standards 
of sodium and chlorine were placed in the rab- 
bit for 20-min irradiations. Aliquots of samples 
and standards were pipetted into culture tubes 
for counting, and the photopeak areas of **cl 
and *4Na were measured with a 3- by 3-in. 
Nal(T1) scintillation crystal coupled with a 400- 
channel pulse-height analyzer. Memory data 
were recorded with a fast electric printer. 
Peak areas of samples and standards, with 
correction of the counting rates to the same 
decay time, were compared to determine these 
two elements. 


Silver. Half-milliliter lake-water samples 
were irradiated for 48 sec in the special poly- 
ethylene tubing’ together with a weighed gold 
monitoring foil. Within 25 sec after irradiation, 
the induced activity of '°Ag was counted for 24 
sec, and data were transferred to a magnetic 
tape. Decay studies were made by counting the 
sample for 48-sec time intervals. Standards 
were counted in the same way. Gold foils 
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weighing 0.5 mg were counted in a gamma 
scintillation counter for use in estimating the 
flux fluctuations, and all neutron irradiations 
were normalized to 2 x 10'! n/(cem?)(sec). The 
‘ag was determined by comparison of the 
0.66-Mev photopeak area of the sample with 
that of the standard. 


CHEMICAL SEPARATIONS 


Fast radiochemical separations'”»"® based on 


solvent-extraction techniques’? were performed 
for vanadium, iodine, arsenic, rhenium, zinc, 
and gold. 

Vanadium. The cupferron-chloroform extrac- 
tion procedure described by Fukai and Meinke* 
was used. The rabbit system was used in ir- 
radiation of 2-ml samples, vanadium standards, 
and weighed gold monitoring foil. Vanadium 
carrier was added, vanadium was extracted as 
cupferrate into chloroform, and portions of the 
chloroform solution were counted. Decay 
studies were made by counting samples and 
standards for 4-min intervals for 25 min. Re- 
sults were determined from a comparison of 
the 1.43-Mev photopeak areas of *V for both 
samples and standards. Gold foils were used to 
normalize all neutron irradiations to 2 x 10" 
n/(em*)(sec). 


Iodine. The rabbit system was also used in 
30-min irradiations of iodine standards and 
lake-water samples. Gold solution was used for 
the estimation of flux fluctuations during ir- 
radiations. Iodine carrier was added, and sam- 
ples were extracted into carbon tetrachloride 
by the procedure described by Glendenin and 
Metcalf.”! 

Silver iodide was precipitated, and the pre- 
cipitates were filtered, washed, dried, and then 
counted in a well type scintillation counter. 
Gross decay was followed by gamma counting 
the samples for 25-min intervals for 2 hr. The 
radiochemical purity was checked with the 400- 
channel analyzer. 


Barium and Manganese. Samples, together 
with barium and manganese standards, were ir- 
radiated in the reactor pool for 2 hr. Barium 
and manganese carriers were added as well as 
holdback carriers of arsenic, copper, sodium, 
and strontium. Barium and strontium were pre- 
cipitated as nitrates, and the barium was pro- 
cessed by the procedure of Leddicotte.”* The 
supernatant liquids from the barium and stron- 
tium precipitations were then processed for 
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manganese by another Leddicotte procedure.’ 


Addition of perchloric acid, solid potassium 
chlorate, and concentrated nitric acid acceler- 
ates the precipitation of manganese dioxide.”4 


Arsenic. Arsenic was separated by an ex- 
traction procedure developed by Leddicotte and 
Grimanis.” More than 99.5% of the arsenic as 
As** is extracted into benzene in less than 2 
min. 

One milliliter of arsenic carrier solution and 
1 ml of sodium holdback carrier solution were 
added to the irradiated samples. The reduced 
arsenic was extracted quantitatively from the 
solution into benzene and then stripped into 
distilled water. Extraction and stripping steps 
require less than 6 min. The As** was reduced 
to the metal in hydrochloric acid solution by 
1 g of ammonium hypophosphite. After diges- 
tion and centrifugation the metal was filtered, 
washed, dried, weighed, and then counted ina 
well type scintillation counter. Decay was fol- 
lowed by counting “As at half-life intervals. 
The chemical yield was better than 90%, and no 
radiochemical contaminants were found. 


Rhenium and Zinc. Rhenium and zinc were 
separated by an extraction procedure developed 
by Leddicotte and Grimanis.”* Rhenium and zinc 
carrier solutions were added to the irradiated 
samples together with a saturated solution of 
hydroxylamine hydrochloride anda sodium hold- 
back carrier. The solution was adjusted to 
4M HCl, and the rhenium and zinc were ex- 
tracted into tri-n-butyl phosphate (TBP) in ben- 
zene. More benzene was added to the organic 
phase, and the rhenium and zinc were stripped 
from the organic mixture into distilled water. 
Zinc was precipitated as ammonium phosphate,”" 
and rhenium in the supernatant was precipitated 
as tetraphenylarsonium perrhenate.”® The pre- 
Cipitates were filtered, washed with distilled 
water and ethanol, dried, and counted with a 
well type scintillation counter. The radiochemi- 
cal purities of °°” Zn and ‘Re were checked 
With the multichannel analyzer, and chemical 
yields were calculated. The separation time 
for rhenium and zinc was about 15 min. 


Gold. Gold was extracted from hydrochloric 
acid solution into ethyl acetate by the procedure 
of Goldberg and Brown.,”* The only modification 
was the use of the method developed by Plantin™ 
to strip the gold from the ethyl acetate into 8% 
NH,OH, 
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Bromine, Copper, and Potassium. Bromine 
was precipitated as silver bromide. Counting of 
8Br was delayed a few hours to allow **Cl and 
128 to decay. Copper was precipitated as cop- 
per thiocyanate and potassium as perchlorate 
by procedures described by Leddicotte .*!-5* 


Discussion 


The flux of our reactor was too low to pro- 
vide sufficient sensitivity for measuring rhe- 
nium and silver in the lake waters. However, 
the data obtained indicate that activation anal- 
ysis should play an important role in supplying 
information on elements present in microgram 
or submicrogram quantities in lakes. Our re- 
sults for some elements may be not only of 
geological importance but also of biological 
interest. The presence or absence of some 
trace elements may result in the eutrophic, 
oligotrophic, or atrophic behavior of the lake. 
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Determination of Certain 
Trace Impurities in Pure 
Lead and Aluminum 

by Activation Analysis 


By H. K. El-Shamy, A. A. Abdel-Rassoul, 
and T. Z. Bishay* 


Paper 829 (abstracted) 

The presence of microquantities of certain 
metallic impurities in lead usually limits its 
industrial application, and even traces of for- 
eign elements in aluminum may prevent its use 
as reactor material. The conventional analyti- 
cal methods for both metals have numerous and 
substantial limitations. Activation analysis may 
be used with considerable accuracy for deter- 
mination of several elements in different ma- 
terials, particularly elements present in con- 
centrations far below those determined by other 
microanalytical techniques. Determination of 
impurities in lead and aluminum by activation 
analysis has been described by various au- 
thors.’ 


In this paper a systematic determination of 
several elements (Cr, Co, Sn, Fe, Zn, and Cd) 
present as trace impurities in lead and alumi- 
num samples of different purity grades is de- 
scribed. A separation scheme based on copre- 
cipitation and ion-exchange techniques was 
developed (Fig. 829-1). Samples and standards 
were irradiated 48 hr at a flux of 1.3 x 10" 
n/(em*)(sec) in the UA-RR-1, the 2-Mw re- 
search reactor at Inshas. After decay for 7 
days, samples and standards were dissolved in 
appropriate acids, and carrier solutions were 
added. Macroquantities of both lead and alumi- 
num, as PbCl, and AICl;, were readily sepa- 
rated from a cooled (0°C) sample solution 
exposed to the prolonged action of hydrogen 
chloride gas. The chlorides soluble in concen- 
trated hydrochloric acid were subsequently 
passed through a column of a strongly basic 
anion exchanger, Dowex 1, and the metallic ions 
retained were successfully fractionated with 
eluant of various concentrations of hydrochlo- 
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Fig. 829-1 Schematic diagram for chemical separation of elements determined in 


lead and aluminum samples. 


ric acid and hydrofluoric acid. The radionu- 
clides of concern collected in the individual 
fractions were further purified by chemical 
precipitation before being compared with ir- 
radiated standards processed similarly. 

Addition of carriers, rather than fractionation 
in the carrier-free state, enhances the purifica- 
tion of the radionuclides. Successive ion- 
exchange chemical-precipitation techniques en- 
sure complete decontamination from foreign 
activities. 

Most of the activity measurements were 
made with a shielded G-M counter having a 
mica-end-window thickness of less than 2 
mg/cm’ and a Philips scaler, The activities in 
the samples and their respective standards 
were determined under identical geometries. 
Whenever possible, decay curves were also 
determined to ensure the absence of short- 
lived activities, and aluminum absorption curves 
of the standards and samples were prepared 
and used to check the identity of the isotope 
counted, The mean deviation determined from 


uo 


duplicates was +10 to 12%; however, the sensi- 
tivity can be appreciably increased by longer 
irradiation times, higher fluxes, and increased 
sample weights, 

Gamma-ray spectrometry for the quantitative 
determination of the elements concerned’ was 
tried, but the low counting rate of the samples 
investigated limited its application, The present 
technique is satisfactory, and no interference 
of foreign activities was detected. The method 
described is now used for routine analysis of 
both metals with good reproducibility. 
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Aerospace Safety of 
Isotopic and Reactor 
Power Sources 


By Glenn A. Fowler* 


Paper 286 (abridged) 

The Systems for Nuclear Auxiliary Power 
(SNAP) being developed by the U.S. Atomic 
Energy Commission for various applications 
show considerable promise for providing elec- 
tric power for space missions. The usefulness 
of radioisotope units (power range,j} watts to 
hundreds of watts) as long-lived sources of 
power has already been demonstrated’ in pay- 
loads placed in orbit in 1961 and 1963. For 
applications where higher power is demanded, 
reactor units (power range,j hundreds to mil- 
lions of watts) offer promise. Although no re- 
actor unit has yet been flown, the USAEC has 
stated its interest in seeing development car- 
ried through the demonstration phase, including 
both ground and flight testing. 

The SNAP systems derive their power from 
the heat generated by the spontaneous nuclear 
decay of radioisotopes or from the controlled 
nuclear fission in a reactor. Since the basic 
origin of the energy is the nuclei of the atoms 
of the source material, it is independent of 
chemicals, sunlight, magnetic fields, etc. The 
SNAP systems can provide reliable power for 
relatively long times; this characteristic makes 
them ideal for space missions. Their principal 
disadvantage is that these radioactive ma- 
terials are potentially dangerous to human life. 
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+Editors’ Note: Since this paper was written, val- 
ues have changed, Radioisotope units in the multi- 
kilowatt range are now envisioned, 
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However, to deny the use of the SNAP systems 
for this reason alone would be to ignore the 
fact that every other source of power that has 
been developed to man’s benefit also is po- 
tentially dangerous to its user.t We have grown 
accustomed to the dangers present in our use 
of fire, steam, electricity, and gasoline in 
everyday life. There can be little doubt that 
we will ultimately accept radioactive power 
sources as commonplace. The speed with which 
they reach this status depends to a great extent 
on how safely we use them, particularly during 
the introductory phase. 


Recognizing these facts, the USAEC has 
placed considerable emphasis on the safety 
aspects of the SNAP systems. The responsi- 
bility for providing a safe SNAP system 
throughout its factory-to-orbit sequence is 
placed squarely on the shoulders of the power- 
supply designer. In addition, the Assistant Di- 
rector for Nuclear Safety, Division of Reactor 
Development, USAEC, makes an independent 
assessment of the adequacy of the safety plan 
for each SNAP system. This assessment in- 
volves a complete study of the safety plans for 
the system as well as its proposed application 
to a space vehicle. It requires thorough ana- 
lytical studies and may involve both ground and 
flight testing. Sandia Corporation is the prin- 
cipal USAEC contractor for the aerospace nu- 
clear safety program. 





tPaper 288, Atomic Energy for Society and the 
Balance Between Hazard and Gain, by J. H. Sterner 
was printed in Nuclear Safety, 6(2):143-145 (Winter 
1964—1965). Sterner points out the necessity for 
intelligent evaluation of the relation of benefits to 
hazards, for which a reasonable set of guides has not 
yet been established. He further emphasizes that, in 
the nuclear industry, control of the health aspects ol 
radiation is already far ahead of other environmental 
health problems. [See also Isotopes and Radiation 
Technology, 2(2): 172-181 (Winter 1964 —1965).] 
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This paper discusses some of the problems 
related to nuclear safety associated with launch- 
pad accidents, launch aborts, and reentry for 
isotopic and reactor space power plants; plans 
for research programs; and results of the 
flight-test program. The paper is written on 
the basis of space technology as it exists today 
but anticipates changes in space technology 
during the next 5 years which may cause some 
of the present problems to disappear. 


Factory-to-Reentry Safety 


The safety plan for aerospace nuclear power 
supplies must cover all phases of the handling 
of the power supply from initial assembly 
through its launch and possible return to earth. 
Safety questions that arise during assembly 
and transportation to the launch area are 
generally within the scope of the industrial 
safety practices that the USAEC has developed 
over the past years. The testing required to 
simulate an accident can be accomplished with 
readily available facilities. The nuclear power 
supply, whether isotopic or reactor, is in a 
shipping configuration and is well protected 
against failure for all foreseeable accidents, 
including shock, fire, and immersion. 

However, when the flight payload, including 
the nuclear power supply, has been mated to 
the launch vehicle and the launch countdown is 
begun, conditions are somewhat changed. The 
nuclear power supply no longer has the protec- 
tion of its shipping configuration and is on top 
of a tall missile-shaped pile of explosive. At 
this stage five major possibilities attract the 
attention of the safety analyst: (1) the launch 
vehicle may blow up and burn on the pad; (2) 
it may lift off successfully but blow up or be 
destroyed while still in the general vicinity of 
the launch area; (3) it may fail to boost the 
payload to orbital velocity; (4) it may achieve 
a short-lived orbit with the payload returning 
to the earth in days or months; or (5) it may 
achieve a good orbit with the payload orbiting 
for years. In cases 1, 2, and 3, an isotopic 
power supply will be at its highest activity 
level; in case 4 it will be partially decayed; and 
in case 5 it will havé decayed to a relatively 
low level. A reactor power supply will be ata 
low level for all cases except 5, assuming the 
reactor will be started only after it has been 
placed in a good orbit. 
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In the case of the launch-pad explosion and 
fire, the effect on the nuclear power supply of 
the pressure resulting from the explosion, the 
effect of the subsequent impact as the power 
supply falls or is thrown from the nose of the 
launch vehicle, and the effect of fuel fire on the 
power supply must be considered. If the sys- 
tem is isotopic, the question is whether or not 
the fuel capsules will remain integral; if it is 
a reactor, the question is whether or not there 
will be a nuclear excursion upon impact. Only 
spotty information exists about the pressure 
from the various launch-pad explosions and 
about the temperature-time history of launch- 
pad fires. Recognizing the need for this infor- 
mation, the Department of Defense, the National 
Aeronautics and Space Administration (NASA), 
and the USAEC have set up a coordinated 
launch-pad instrumentation program. Various 
types of active and passive measuring devices 
have been installed at selected launch sites; 
they accommodate both liquid- and solid-propel- 
lant boosters so as to be able to fill in the 
missing information if an accident should oc- 
cur.’ The data collected will allow realistic 
environmental testing conditions to be set with- 
out the penalty of severe overtesting or the 
false security of undertesting. Since boosters 
do not blow up on the pad as frequently as they 
have in the past, information is coming in very 
slowly from this program. 

Although the USAEC is focusing its attention 
primarily on the SNAP system design, the 
Commission also must concern itself with the 
manner in which the SNAP system is physically 
incorporated into the space vehicle. The re- 
entry heating situation for a nuclear power 
supply buried inside a large flight vehicle 
obviously differs from that for a similar power 
supply mounted on the end of a boom and es- 
sentially independent of the flight vehicle during 
reentry. 

If the missile leaves the launch pad success- 
fully but fails or is destroyed early in flight, 
then the main sources of damage to the nuclear 
power supply are pressure from the explosion 
and the consequences of impact on water, soil, 
or surface structures. As in the case of the 
launch-pad accident, the isotopic supply must 
be designed to remain integral, whereas the 
reactor supply must be designed to prevent 
criticality under these circumstances. Fire is 
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less of a concern here, but greater velocities 
than in a launch-pad accident would produce 
more severe impacts. Furthermore, the im- 
pact area in this case will not be as well con- 
trolled from public access as is the launch 
pad, 

The vehicle that falls just short of orbital 
velocity encounters essentially the same re- 
entry conditions as those encountered in orbital 
decay; however, a significant difference is that 
the possible impact areas can be fairly well 
determined in advance. These potential impact 
areas can be kept over relatively unpopulated 
sea and land masses to minimize hazard. Also, 
an active control system aboard the flight 
vehicle can command actions relating to the 
nuclear power supply. For example, disas- 
sembly can be caused by mechanical or ex- 
plosive means or the power supply can be cut 
loose from the flight vehicle. 

The short-lived orbit (days to months) still 
offers the possibility of active control of safety 
actions but leaves the reentry and impact loca- 
tions to chance. The long-lived orbit (years) 
denies reliable active control (with present 
technology) and denies identification of reentry 
and impact location, but it does offer time 
enough for the radioactivity to decay to a low 
level before reentry. 


Reentry Burnup 


For the last three of the five cases dis- 
cussed—suborbital failure, short-lived orbit, 
and long-lived orbit—the flight vehicle and the 
nuclear power supply will be subjected to severe 
reentry heating conditions, The designer has 
the choice of designing the source for intact 
survival at the reentry temperature or of using 
the reentry heat pulse to cause complete burnup 
and dispersal in the upper atmosphere. 

Intact reentry is attractive, particularly ifthe 
power supply could be controlled to impact in a 
designated area, because it essentially elimi- 
nates the major questions about public safety 
in the use of nuclear power supplies in space. 
If controlled impact could be easily achieved, 
the power supply could be directed to one of 
the existing land ranges and accurately tracked 
to impact. A recovery party could then go to 
the area and recover and dispose of whatever 
radioactive material remained. Unfortunately 
the instrumentation for controlled reentry adds 
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weight that must be taken from the payload, 
i.e., the nuclear power supply. In addition, 
controlled intact reentry calls for a reliable 
active command and retro-rocket system aboard 
the space vehicle. Today’s technology does not 
offer much assurance that such a system would 
be available in the long-lived-orbit case; how- 
ever, it could be devised with high confidence 
for the short-lived orbit. As more experience 
with reliable electronics and with propellant 
life in space is gained and as other improve- 
ments in technology are made, reliability limi- 
tations probably will disappear, leaving only 
the extra weight as the price for controlled 
intact reentry. Another possibility for disposal 
would be to move the space vehicle and nuclear 
power supply to a long-time “junk” orbit where 
they would remain for nundreds of years. 

In each nuclear power supply being con- 
sidered so far for orbital flight, the designer 
has chosen to use reentry burnup and dispersal 
in the upper atmosphere as the method for 
disposing of the radioactive material. This 
choice has caused the aerospace nuclear safety 
program to investigate high-temperature-ma- 
terial properties, ablation droplet formation, 
and upper-atmosphere circulation patterns. 


The problem of a material’s surviving re- 
entry temperatures, both on the relatively steep 
reentry trajectories of the ballistic missile 
and on the shallower reentry trajectories of the 
manned orbital flights, has received expert 
attention over the past several years. On the 
other hand, the deliberate use of orbital re- 
entry heating for burnup and dispersal of vari- 
ous materials in assorted configurations has 
been of limited interest except to the designers 
of aerospace nuclear power supplies. As a re- 
sult of the missile effort, the heating rate on 
simple shapes for a given set of reentry con- 
ditions can be calculated with high confidence 
by any one of several methods.‘ However, the 
irregular shape of the nuclear power supply 
(compared to nose cones) and the variety of 
materials incorporated in the typical nuclear 
power source present some interesting prob- 
lems to the designer and the safety analyst. 
To determine the expected heat input on vari- 
ous parts of a complex geometry, hypervelocity 
or hypersonic shock tunnels, such as those Op- 
erated by the Arnold Engineering Development 
Center of the Air Force or the Cornell Aero 
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nautical Laboratory, Inc., must be used. Insuch 
facilities it is possible by full- or fractional- 
scale-model tests to establish the heat-input 
relations between the simple shapes for which 
computational models exist and various parts 
of the more complex geometry of the specific 
nuclear power supply being examined. With 
these inputs applied to a thermal model of the 
nuclear power supply, if the properties of the 
materials are known, it is possible to calculate 
the time of melting and disassembly of the 
various parts of the power supply when it is 
exposed directly to the reentry heating pulse. 

Although shock tunnels can be used to provide 
short runs at high heat-transfer rates, there 
is at present no facility that can realistically 
reproduce reentry flight conditions for times 
comparable to those of actual orbital reentry. 
Such a facility would allow rapid determination 
of the effect that a design change in the nuclear 
power supply would have on its burnup char- 
acteristics and would allow experiments such 
as the measurement of ablation droplet-size 
distribution. It would be a powerful tool for the 
study of any reentry heating phenomena. Un- 
fortunately there is no immediate prospect for 
such a facility. Judging from experience with 
the development of other environmental facili- 
ties, it is likely that any practical reentry 
heating facility will only partially simulate the 
actual reentry conditions and that dependence 
on analytical methods and on actual flight test- 
ing will continue to be heavy. 


Research Program Plans 


The first step in an assessment of the ef- 
ficiency of the reentry burnup and dispersal 
characteristics of a nuclear power supply in a 
particular application is an examination of the 
physical arrangement for its incorporation into 
the flight vehicle. The aerodynamic character- 
istics of the flight vehicle during reentry must 
be determined so that the vehicle attitude will 
be known and hence the nature of the reentry 
heating to which the power supply will be sub- 
jected. A good vehicle design will place aSNAP 
device designed for burnup in a position to be 
exposed to the full effect of the aerodynamic 
heating throughout reentry. 

Once the character of the reentry heating 
has been established, the power supply is 
“flown” in the computers by the Aerospace 
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Nuclear Safety Organization to determine 
whether or not the heat available from reentry 
is sufficient to melt the container and allow 
ablation of the radioactive material. The lack 
of complete data on properties of materials at 
and above the melting point has caused the 
Aerospace Nuclear Safety Organization to ask 
Oak Ridge National Laboratory to compile 
available information on thermal and chemical 
properties of various materials and to evaluate 
our country’s capability of providing the needed 
information. 

If reentry heating calculations fail to show 
complete melting of the radioactive material in 
the nuclear power supply during reentry, then 
burnup and dispersal will not be accomplished. 
However, when melting of the fuel is calculated 
to occur, then the size of the particles that will 
result and where they will be distributed in the 
upper atmosphere become of interest. This is 
probably the area of greatest uncertainty in 
reentry burnup studies, and steps are being 
taken to develop methods of determining 
particle-size distributions under various con- 
ditions.’ Zirconium metal has shown the prope rty 
of exploding promptly into many very small 
particles when molten droplets of a few hundred 
microns in diameter are exposed to the atmo- 
sphere. It is not yet known how many other 
materials will show similar properties or what 
is the minimum size of droplet that will have 
this explosive property. The Illinois Institute 
of Technology Research Institute is studying 
and evaluating the possible coalescence of 
small-particle ablation debris to form larger 
masses of material.® 

Even when particle size and distribution in 
the upper atmosphere resulting from reentry 
burnup are known, uncertainty as to when and 
where the material will reach the biosphere 
still remains. Although the general behavior is 
known for various ranges of particle sizes and 
altitudes, additional studies have been under- 
taken by the Geophysics Corporation of America 
(GCA) and by Travelers Research Corporation 
(TRC). The GCA is striving to derive an ana- 
lytical model that will indicate the fall and 
dispersion of particles that are injected at an 
altitude of 250,000 ft and fall to 10,000 ft. The 
TRC is concerned with dispersion at 100,000 ft 
and below. Both efforts are primarily theo- 
retical but could lead to development of an 
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experimental program if existing data prove 
inadequate. 


Reentry Flight Testing 


Flight testing is an important phase of the 
nuclear safety program but is expensive and 
can provide only relatively few data per flight. 
After analytical studies, computations, and lab- 
oratory testing have been used to the fullest in 
the assessment of -the safety features, flight 
testing demonstrates the safety characteristics 
of the nuclear power supply under actual re- 
entry conditions. 

The first Reentry Flight Demonstration 
(RFD-1) in this program took place’ in May 
1963. This was an attempt to verify the opera- 
tion of design features intended to enhance 
disassembly of the reactor under reentry heat- 
ing conditions, to verify temperature-rise cal- 
culations at various points in the reactor 
mock-up during reentry, and to obtain gross 
indications of the rate of burnup of full-scale 
models of the reactor fuel rods that were 
independently exposed to the reentry heat pulse 
by ejecting them from the reentry vehicle. 

The reentry vehicle carried a full-scale 
instrumented mock-up of the reactor assembly 
and was equipped with a C-band radar beacon, 
an FM-FM radiotelemetry system, and a 100- 
sec-delay tape recorder designed to permit 
data transmission following emergence of the 
telemetry signal from the ionization blackout 
caused by the reentry heating. Data were trans- 
mitted continuously both in real time and with 
the 100-sec delay. The reactor mock-up was 
instrumented with thermocouples for tempera- 
ture-rise measurement and with action switches 
that would show when physical parts were re- 
moved from the mock-up as a result of re- 
entry heating. The reentry vehicle contained a 
parachute and recovery aids so that, if it 
survived the reentry, it might be found and 
examined. The vehicle was placed under the 
desired reentry conditions (—6°, 20,000 ft/sec, 
400,000-ft altitude) by a NASA Scout vehicle. 
This four-stage solid-propellant system was 
launched from Wallops Island, Va., and placed 
the reentry vehicle almost perfectly on the flat 
trajectory required to bring it into range of the 
instrumentation. 

Radiotelemetry from the transmitter aboard 
the reentry vehicle was received and recorded 
at Wallops Island, at the NASA Mercury station 
on Bermuda, and in the downrange area aboard 
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aircraft operated by the Air Force Missile Test 
Center, the Air Force Special Weapons Center, 
and NASA. Good radiotelemetry signals were 
received from lift-off until ionization blackout 
of the signal occurred 350 sec later at an 
altitude of 200,000 ft. No signal appeared after 
the blackout effect was over. It is believed that 
severe reentry-vehicle damage occurred during 
the blackout period when the peak heating rate 
was encountered. The C-band beacon mounted 
in the reentry vehicle was tracked by NASA 
instrumentation radar at Wallops Island and at 
Bermuda. Tracking was excellent, and trajec- 
tory information was good until the ionization 
blackout blocked the radar-beacon transmis- 
sion. 

Optical observations were made by Sandia 
Corporation equipment on Bermuda. Tracking 
signals from the NASA FPS-16 radar on Ber- 
muda were used to point two long-focal-length 
tracking telescopes in the right direction until 
the operator was able to sight the vehicle and 
track it manually. Fixed-plate cameras were 
mounted to cover the visible portion of the 
trajectory. Spectrographic and photometric 
coverage also was provided. Several of the air- 
craft carried cameras for photographing the 
reentry. Unfortunately the light level received 
at the Bermuda station was below even the 
most conservative estimates; thus the tracking 
telescope and the photometer film were useful 
only during the brightest part of the reentry. 
Records from the fixed-plate cameras and 
from the spectrographic instruments on Ber- 
muda and aboard some of the aircraft were 
good. The NASA aircraft that was in a favor- 
able position obtained a very useful movie film 
that covered the final part of the trajectory, 
as well as good spectrographic records. 


The flight demonstrated that the disassembly 
features in the reactor design worked properly. 
It also verified the supposition that tempera- 
ture rises caused by reentry heating of the 
reactor model were predictable with reasonable 
accuracy and gave a gross indication of the 
burnup rate of the reactor fuel rods released 
from the reentry vehicle shortly after fourth- 
stage ejection. Subsequent testing and analysis 
on the reentry-vehicle design indicate that 
there were areas of more severe localized 
heating on the vehicle than originally antici- 
pated. It is believed that the ablative covering 
was inadequate in some areas, and so burn- 
through occurred. It appears that the irregular 
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shape of the reactor mock-up carried on the 
front of the reentry vehicle was a major 
contributor to the vortexes that caused the 
excessive local heating. 

A second Reentry Flight Demonstration 
(RFD-2), planned for the fall of 1964,* will 
carry a model of an isotopic power supply in- 
strumented to investigate experimentally the 
disassembly features incorporated in the power- 
supply design and to provide information on 
fuel-capsule ablation by techniques similar to 
those used on RFD-1 for the reactor fuel rods. 
The instrumentation aboard the reentry vehicle 
and at the ground station is similar to that 
used for RFD-1 but with increased emphasis 
on optical coverage. The vehicle was designed 
with increased protection and better experi- 
mental determination of the reentry heat-load 
distribution. It is expected to survive reentry 
and to be recovered from the Atlantic Ocean 
about 200 miles southeast of Bermuda. Re- 
covery will provide information about the burn- 
up of the nuclear-power-supply model and about 
the reentry-vehicle design parameters. 

In both demonstration flights the information 
obtained on heating and burnup of the nuclear- 
power-supply model is limited to disassembly 
information. No information has been, or will 
be, obtained from these flights on the final 
particle size and distribution in the upper 
atmosphere because no practical method has 





*Editors’ Note: Paper was written before test, 
which took place Oct, 9, 1964, [See Isotopes and Ra- 
diation Technology, 2(2): 192 (Winter 1964—1965).] 
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yet been developed for obtaining such informa- 
tion during a flight test. Since this information 
would be an important input to the aerospace 
nuclear safety program, sampling by aircraft 
and rocket techniques is stili under study with 
the hope that a practical system can be found. 
The possibility of tracking the debris cloud by 
radar or laser-radar techniques is being ex- 
amined by Sandia Corporation. Knowledge of 
the dispersion of the debris cloud as a function 
of time could yield very useful information if 
a practical tracking scheme can be found. 
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recovery from irradiated uranium, 218 
Barium chlorides (BaCl,), properties as X-ray 
source target material, 64-5 
Beaches, movement of sediment on, tracer 
studies, 125-7 ; 
Beryllium, analysis for impurities by neutron 
activation, 335 
Beryllium ores, sorting from wastes, 27-8 
Beta irradiators, design and operation, 164-7 
potential applications of large, 167-8 
Beta particles, attenuation, comparison with 
gamma radiation, 159 
industrial uses, machine vs, isotopes 
production comparison, 158-9 
levels from isotopic heat sources, calcula- 
tion, 74-5 
use in graft copolymerization, 163-4 
Beta sources, development and application for 
chemical processing, 158-68 
development of tube-shaped, 275-6 
methods for analysis of soft, 257-8 
physical and chemical requirements for in- 
dustrial, 160 
use in X-ray source excitation, 57-8 
Beverages 
See specific beverages, e.g., Alcoholic 
beverages and Milk 
Biology, radiotracer use in, 296-300 
Bismuth selenides, use in thermoelectric gen- 
erators, 283 
Bismuth tellurides, thermoelectric conversion 
characteristics, 278-9 
use in thermoelectric generators, 283 
Blanket reactors, use in radiation chemical 
processing, 267 
Blood, altitude and heat effects on human, 301 
effect of weightlessness and radiation on 
human, 311-13 
BNL 62-in. cyclotron, operational capabilities, 
90 
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Books, neutron activation analysis, 337 
Borehole logging, development, 244-5 
Boron-10, production plant contract, 193 
use, in medical diagnosis and therapy, 287-92 
in neutron-capture therapy, 292 
Botrylis cinerea, gamma-radiation effects on, 
in strawberries, 50-1 
Brain, tumor detection by positron scanning, 
290 
Brazil, radioisotopes production in reactors, 
231 
soil phosphorus studies, 310 
Bromine, determination, in lake waters by neu- 
tron activation analysis, 347 
of residues in crops by neutron activation 
analysis, 335 
Bromine-82, properties as hydrological tracer, 
134 
use, in effluent disposal studies, 249 
in flow measurement of surface waters, 
135, 246 
in groundwater studies, 137 
in road-surfacing problems, 252 
Brookhaven National Laboratory (BNL), 
production of **Mg, 9, 10 
radioisotopes distribution and research, 
89-92 
radioisotopes production, 9, 10, 12-15, 89-92 
cost data, 90 
half-lives, 13 
procedures and manual, 12-15 
shipment, 90 
shipping form, 13 
Brookhaven Procedures Manual, review, 
89-90 
Bulgaria, radioisotopes production in reactors, 
232 


Cc 


Cadmium, determination in Al and Pb by neu- 
tron activation analysis, 348 
epithermal neutron transmission, 152 
use in radiation capsules, 153 
Cadmium-109, use, in sediment-density gages, 
125 
in sediment-movement gage, 248 
Calcium, model of metabolism in rats, 299 
Calcium-45, AEC production withdrawal, 317 
separation and purification, 295 
use in medical diagnosis and therapy, 287-92 
Calcium-46, availability and cost, 194 
Calcium-47, price increase, 317 
Calcium-48, determination in meteorites by 
neutron activation analysis, 335 
Calcium-49, determination by photoneutron 
counting technique, 343-4 
California Nuclear, Inc., Lafayette, Ind., waste- 
disposal licensing, 193 
California Research Corporation, Richmond, 
river flow measurement using Ay 185-8 
Californium-252, production, 202 
Carbon, assimilation in photosynthesis and 
chemoautotrophy, 297-8 
Carbon-11, use in plant tracing studies, 303 
Carbon-14, determination, in carbon dioxide, 
257-8 
in methane, 257 
price reduction, 317 
production, 202 
properties as hydrological trater, 134-5 
tracer applications, 203 
use, in age estimation, 192 
in deep groundwater dating, 139-40, 243 
in insect studies, 305 
in medical diagnosis and therapy, 170-1, 
287-92 
in milk secretion studies, 304 
in nucleic acid tagging, 298 
in plant tracing studies, 303 
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Carbon dioxide, analysis for C, 257-8 
Carolinas-Virginia Tube Reactor (CVTR), 
description, 267 
Catalysis, use of radioisotopes in, 211-12 
Catalysts, radiation-energy transfer mecha- 
nism, 211 
Cerium, extraction mechanism into phos - 
phorus-containing acids, 228-9 
Cerium-137, production capabilities and costs, 
119 
Cerium-144, characteristics of shipping 
facilities, 218-20 
concentration processes at Hanford Isotopes 
Plant, 112-17 
dose rate from enameled sources, 162-3 
propertics for use as heat source, 102 
recovery processes, 215, 218, 221-2, 224 
use, in thermoelectric generators, 283, 316 
in vitreous enamels, 160-1 
Cesium, extraction mechanism into phosphorus- 
containing acids, 228-9 
Cesium-132, use in Japanese medical field, 
170-1 
Cesium -137, capabilities and characteristics 
for process application, 261 
characteristics of shipping facilities, 218-20 
concentration processes at Hanford Isotopes 
Plant, 111-16 
FDA approval as gamma source, 194 
production capabilities and costs, 119 
properties for use as heat source, 102 
recovery processes, 202, 217, 218, 224-5, 
226, 227 
use, in density gages, 140, 316 
in medical diagnosis and therapy, 287-92 
in teletherapy, 292 
Cesium oxides, properties of Ce heat sources 
101 
Chalcocite, adsorption of **Cu, 33 


Chemical processing, beta-source development 
and application, 158-68 
G value obtained in commercial, 159 
use of power reactors in, 267-9 
Chemical processing plants, conceptual de- 
scription, Hanford Isotopes Plant, 103-11 
Chemical reactions, kinetics, Méssbauer effect 
study, 145 
Chemistry 
See Radiation chemistry and Recoil 
chemistry 
Chemoautotrophy, carbon assimilation in, 297-8 
Chemonuclear processes, development, 266 
Chemonuclear reactors, description, 267 
Chlorine, determination in lake waters by neu- 
tron activation analysis, 346 
Chlorine-36, properties as hydrological tracer, 
134 
Chlorine-38, determination by photoneutron 
counting technique, 344 
Chromium, determination in Al and Pb by neu- 
tron activation analysis, 348 
Chromium-51l, medical uses, regulations 
change, 93 
production data, 15 
properties as hydrological tracer, 135 
use, in animal pathological studies, 304 
in human blood-volume studies, 301 
in medical diagnosis and therapy, 170-1, 
287-92 
Citric acid, use in ion-exchange separation, 
3-5 
Civil engineering, tracer applications, 251-2 
Clathrates, use of Kr for radiographic 
sources, 62-7 
Coal 
See also Lignite 
analysis for Al, O,, and Si by neutgon activa- 
tion, 335 
fluidization-unit description, 20-2, 25 
gamma spectra of activated tracer samples, 
20 
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heat value, determination by activation analy - 
sis, 18 

impurity removal, fluidized-bed efficiency, 
25-6 

mixing-rate studies using radioisotopes, 19, 
22-3 

separation of fractions, effect of density, 

23-7 

effect of particle size, 18-23 

use of radiotracers in research, 18-27 


Coatings, radiation curing on building materials, 


264 


Cobalt, determination in Al and Pb by neutron 


activation analysis, 348 


Cobalt-57, use in medical diagnosis and 


therapy, 170-1, 287-92 


Cobalt-58, medical uses, regulations change, 93 


use in medical diagnosis and therapy, 287-92 


Cobalt-60, capabilities and characteristics for 


process application, 260-1, 264, 265 
gamma dose rates from shielded and un- 
shielded power sources, 75, 78-9 
medical uses, regulations change, 93 
physical properties as power source, 80 
price reduction by AECL, 318 
production, 11, 202 
production yields, variations with neutron 
flux, 12 
properties as hydrological tracer, 135, 244 
slug fabrication and irradiation costs at SRP, 
89 
use, in commercial irradiation units, 316-17 
in density gages, 140 
in groundwater flow measurements, 241 
in medical diagnosis and therapy, 170-1, 
287-92 
as Méssbauer source, 140-3 
in radiosterilization of medical supplies, 
comparison with electron beams, 321-8 
in sand-transport studies, 138 
in snow gages, 42, 247 
in soil-moisture studies, 302 
in teletherapy, 292 
Cockcroft -Walton accelerators, use as neutron 
source, 330 
Coincidence counters, design for Cu-ores sort- 
31-2 
Complexing agents, use in fission-product ex 
traction, 222 
Compound reactors, use in radiation chemical 


ing device, 


processing, 267-8 
Computers, development for use in nuclear 
medicine, 288 
use in gamma-spectra analysis, 207 
Conferences, on “C and *H dating, 192 
on clinical application of nuclear medicine, 
191-2 
Japanese, radioisotopes use in nuclear 
medicine, 171 
on low-energy X-ray and gamma sources, 
95-6, 190-1 
modern trends in activation analysis, 319 
papers from Third Geneva, 199-310 
radioisotope technology and economics, 86-92 
use of radioisotopes in hydrology, 133-40 
Consumer goods, use of radioisotopes in, 
criteria for approval, 313-15 
Control systems 
See Process control 
Copper, determination in lake waters by neu 
tron activation analysis, 347 
magnesium deposition on, cleaning proce 
dures, 7-8 
Copper -64, adsorption by Cu ores, 33-4 
counting techniques in Cu ores, 31 
Copper ores, activation by adsorption of “Cu, 
33-4 
activation analysis for Cu content, 29-31 
sorting -device description, 31-3 
Cosmic radiation, human dose rates from, 
173-4 
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Cracking, radiation-thermal, of hydrocarbon 
and oil stocks, 269-72 
Crime detection, use of activation analysis, 95, 
335-6 
Cross sections, alpha particle, in *6Mg produc - 
tion reactions, 9 
proton, in “*Mg production reactions, 8-9 


Crystals, lattice vibrations, study using Méss- 
bauer effect, 145 
Cuprous oxide, high-dose gamma -flux mea- 
surement, 253-4 
Curare, action on nerve influx transmission, 300 
Curium, extraction mechanism into phosphorus- 
containing acids, 228-9 / 
Curium-242, processing at Hanford Isotopes 
Plant, 121 
production, 202 
Curium-244, processing at Hanford Isotopes 
Plant, 121 
production, 202 
Cyclotrons 
Sec BNL 62-in. cyclotron and ORNL 86-in. 
cyclotron 8 


D 


D2EHPA, use in fission-product extraction, 
222-4, 226 

Data tabulations, radiation characteristics and 
shielding of power sources, 76-7 

Dating, groundwater studies using 4 
243 

use of '{C and *H in, conference, 192 


C, 139-40, 


Decay, radiation production processes, calcu- 
lation of, 74-5 
Deep Water Isotopic Current Analyzer 
(DWICA), development, 132, 205 
Density gages, choice of most suitable radio- 
isotopes, 256 
development of sediment, 125, 316 
gamma-scattering, use in coal industry, 18 
radioisotopes use in snow measurements, 
41-7, 132 
use in riverbed variation measurements, 140 
Department of Agriculture 
See Agriculture 
Detergents, development of biodegradable, 265 
Deuterium, separation methods, 238 
di-2-ethylhexyl phosphoric acid 
See DZ2EHPA 
di-2-isoamy! methyl phosphonate 
Sec DiAMP 
DiAMP, use in fission-product extraction, 222 
Diethylenetriaminepentaacetic acid 
See DTPA 
Diffusion 
See Self-diffusion 
Direct conversion, list of Geneva Conference 
papers on, 284-5 
Romashka reactor description, 284 
Dispersion, mechanics in groundwater flow, 
243-4 
tracer measurements of river flow, 246-7 
Distillation, fission-gas recovery, 217 
vacuum, magnesium purification by, 7 
Division of Isotopes Development, reorganiza- 
tion chart, 92 
Dowex 50, use as ion-exchange material at 
ORNL, 2 
Drugs 
See Pharmaceuticals 
DTPA, radiation decomposition, 4 
use in ion-exchange separation, 3-5 


Ecology, insect pests studies, 304-5 
Economics, beta irradiator for films and 
fabrics, 167 


ISOTOPES AND RADIATION TECHNOLOGY 


comparison of electron-beam and gamma- 
irradiation facilities, 327-8 
Hanford Isotopes Plant costs, 114-21 
neutron transmutation doping of semicon- 
ductors, 156-7 
radiation sources, ’Pm fabrication, 62 
radioisotope production, conference sum- 
mary, 86-92 
EDTA, radiation decomposition, 4 
use in ion-exchange separation, 3-5 
Education and training, ORINS mobile-isotope- 
laboratories schedule, 193-4 
ORINS 1965 course schedule, 193 
Effluents, disposal evaluation, 249 
Electron beams, comparison with gamma 
sources for radiosterilization, 321-8 
Electronic equipment, design for Cu-ores 
sorting device, 31-2 
development and applications, 206 
development for use in nuclear medicine, 
287-8 
maximum allowable radiation-dose determi- 
nation, 74 
Eluting agents, properties for ion-exchange 
separation, 3-5 
Enamels 
See Vitreous enamels 
Ethane, analysis for tritium, 258 
Ethicon G.m.b.H., Hamburg, West Germany, 
commercial irradiation unit construction, 
316-17 
Ethicon, Inc., Somerville, N. J., radiosteriliza- 
tion of medical supplies, comparison of elec- 
tron beam and gamma plants, 321-8 
Ethyl bromide, estimated reactor-irradiation 
production rates, 269 
production and properties of radiation 
processed, 262-3 
Ethylene, radiation polymerization, 265 
Ethylenediaminetetraacetic acid 
See EDTA 
European Nuclear Energy Agency (ENEA), 
Seibersdorf food-irradiation program, 317 
Europium-155, recovery from fission products, 
222-3, 224 
Extraction columns, description for fission- 
product separation, 223 


Fabrics 
See also Textiles 
beta-irradiator design for, 164-6 
Fats 
See Sulfolipids 
Ferrocyanide molybdates, properties for ion 
exchange in acid medium, 224-5 
Ferrocyanide tungstates, properties for ion ex- 
change in acid medium, 224-5 
Fertilizers, agricultural studies using labeled, 
302 
Films, beta-irradiator design for, 164-6 
Fish, radiopasteurization, 306 
studies using radiotracers, 304 
Fission products, Hanford recovery plant 
proposal, 316 
production and separation, 83-4, 89, 201-2, 
215-38 
recovery processes in the Soviet Union, 220-4 
short-half-life, production at ORNL, 89 
Flies, dispersal tracing, 305 
Florida, regulation of radioactive materials, 
93 
Flow gages, development, hydroelectric turbine 
rating, 127-9 
Fluidized-bed separation, coal, effect of par- 
ticle density, 23-7 
effect of particle size, 18-23 
fluidizer and associated apparatus de- 
scription, 20-2, 25 








Fluids, radiation effects, chemical change 
tracing methods, 273 
Fluorine-18, production and processing, 90 
Food 
See also Seafood and specific foods 
disinfestation by irradiation, 306 
irradiation, Seibersdorf project appoint- 
ments, 317 
radiation pasteurization, 50-3, 264, 306 
radiation processing, packaging- materials 
approval, 194 
wholesomeness of irradiated, 305-6 
Food and Drug Administration, radiation- 
processing rulings, 194 
Frits, composition of beta source, 161 
Fruits, radiation preservation, 306, 317 
Fuel elements, spent, evaluation as process 
radiation source, 261 
Fungi 
See Botrylis cinerea 
Fungicides, tracer studies on plants, 303 


G 


G value, definition and levels obtained in 
chemical processing, 159 
gamma-initiated chemical reactions, 268 
Gages 
Sec Density gages, Flow gages, Moisture 
gages, Strain gages, and Thickness gages 
Gallium-72, determination by photoneutron 
counting technique, 344 
Gamma probes, snow-density measurement, 
44-7 
Gamma radiation, attenuation, comparison with 
beta radiation, 159 
comparison with electron beam for radio- 
sterilization, 321-8 
effects, on eluting agents, 4 
on fluids, tracing of chemical changes, 273 
on Shasta strawberries, 50-3 
emission rate and energy from Co, 80 
high-dose measurement using Cu,O, 253-4 
levels from isotopic heat sources, calcula- 
tion, 74-5 
Mossbauer emission, properties and uses, 
140-6 
Gamma sources, development and applications, 
conference, 190-1 
development for radiography uses, 67-70 
production, properties, and uses, confer- 
ence program, 95-6 
Gamma spectra, activated coal for tracer use, 
20 
activated Cu ores, 30 
analysis, automated-system development, 
206-7, 334 
by spectrum stripping, 334 
measurement from ““4Am sources, 69 
Gamma spectrometers, use in activation analy- 
sis, 332 
Gas centrifuge, stable isotope separation, 238 
Gases, enriched, distributed by Mound Labora- 
tory, 94 
radiation treatment, use of tube-shaped beta 
source, 275-6 
radioactive, handling practices at ORNL, 89 
radiography using extended sources of, 
274-5 
Gasoline, radiation-thermal cracking yields, 27 
Geiger counters, design and testing of flexible 
tube, 34-7 
Gemini III, preparation and testing of 
sources, 311-13 
General Electric Company, 630A reactor de- 
scription, 268 
Genetic code, control of protein synthesis by, 
298-9 
Genetics 
See Mutations 


32p 





Genev 
pro 
Germ: 
tion 
Germ 


Groun 
S 

car 
dis| 
hyd 

2 

sing 

n 

tras 
trit 


rials 


cess 


268 
isture 
3; gages 
tron 
ment, 


son with 


adio- 


iges, 273 
80 
253-4 
uses, 


ications, 


cer use, 


ment, 


39 


on analy- 


ion, 238 
| Labora- 


ped beta 


RNL, 89 
of, 


yields, 270 
flexible 


32p 
‘tor de- 


esis by, 








Geneva Conference (1964), papers on isotope 
production and application, 199-310 
Germanium, semiconductor-junction prepara- 
tion and properties, 154-6 
Germanium systems, Ge-Si, thermoelectric- 
conversion characteristics, 278-9 
use in thermoelectric generators, 282 
Gold, determination in lake waters by neutron 
activation analysis, 347 
Gold-198, price increase, 317 
properties as hydrological tracer, 135 
separation and purification, 295 
tracer applications, 203 
use, in flow measurement of surface waters, 
136, 185-8, 246 
in hydroelectric turbine rating, 127-9 
in medical diagnosis and therapy, 170-1, 
287-92 
in reproduction studies, 304 
Grafting, irradiation, methacrylic acid 
on polypropylene, 163-4 
Grain, disinfestation by irradiation, 93-4, 306 
Greece, trace-element determination in lakes, 
345-7 
Groundwater 
See also Water 
carbon dating, 139-40 
dispersion phenomena, 243-4 
hydrology, radioisotopes applications, 
239-45 
single-well method for velocity measure- 
ment, 240-1 
tracer studies, 129-31, 136-7, 241-4 
tritium dating, 132, 192 


styrene 


H 


Halogens 
See also specific halogens, e.g., Chlorine 
determination by neutron activation analysis, 
335 
Hanford Isotopes Plant, Richland, Wash., 
capital and operating costs, 114-21 
conceptual description, 103-11 
joint proposal selected, 316 
production of alternative isotopic sources, 
121 
production processes, 111-18 
radioisotopes-processing program, 99-122 
status as of October 1964, 121-2 
Hastelloy C, use in radioisotope encapsulation, 
278 
Heat, reaction of man to severe, 301 
Heat sources, development, for electric-power 
generators, 201-2 
for rocket motors, 202-3 
isotopic, energy-production properties, 73, 
277-8 
production, Hanford plant design, 100, 
103-11 
n-Heptane, radiation-thermal cracking, 269 
Herbicides, mobilities in weeds, 303 
Hexadecane sulfonic acid, estimated reactor - 
irradiation production rates, 269 
Histamine, 'C labeled, sorption by scintillating 
resins, 40 
Holmium-166, radiography with solutions of, 
274-5 
Human beings 
See Man 
Hungary, radioisotopes production in reactors, 
233 
Hydrazine, radiation production from am- 
monia, 266 
Hydrocarbons 
See also specific hydrocarbons, e.g., 
Methane 
radiation-thermal cracking, 269-72 
Hydrochloric acid, effect on scintillating ion- 
exchange resins, 40 
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Hydroclones, impurity removal from coal, 
tracer studies, 25-7 

Hydrogen isotopes 

See Deuterium and Tritium 

Hydrogen peroxide, effect on scintillating ion- 
exchange resins, 40 

Hydrogen sulfide, analysis for **s, 258 

Hydrology, applications of radioisotope tech- 
nology, 124-40, 239-49 


Ice, layer detection in snowpacks, 45-6 
Illuminators, use of 447m in automobile lock, 
315-16 
Industry 
See also Mining industry and Petroleum 
industry 
radiographic source development, 55-70 
radioisotope production and utilization, 201-7 
Insecticides, tracer studies, 305 
Insects, ecology studies using tracers, 304-5 
eradication by radiation sterilization, 305 
physiological studies using tracers, 305 
radiation eradication from grain, 93-4, 306 
International Atomic Energy Agency (IAEA), 
Seibersdorf food-irradiation program, 317 
Iodine, determination in lake waters by neu- 
tron activation analysis, 346 
lodine-125, source development for radiography 
uses, 67-9 
use in medical diagnosis and therapy, 170-1, 
287-92 
Iodine-131, medical uses, regulations change, 
93 
price increase, 317 
properties as hydrological tracer, 134, 244 
radiation properties, 82 
sorption from milk, use of scintillating 
resins, 40 
use, in animal pathological studies, 304 
in DWICA, 205 
in flow measurement of surface waters, 
136, 246 
in groundwater studies, 137, 241 
in medical diagnosis and therapy, 170-1, 
287-92 
in mineralized water dilution studies, 130 
in road-surfacing problems, 251-2 
in saltwater -freshwater interface studies, 
129 
in soil-moisture studies, 302 
Iodine-132, decay scheme, 83 
production, 82-5 
properties as hydrological tracer, 134 
radiation properties, 82 
separation from “*Te, 84-5, 91 
use in medical diagnosis and therapy, 82, 
170-1, 287-92 
Ion exchange, column configurations used at 
ORNL, 5 
column preparation and loading, 2-3 
development of scintillating resins, 37-41 
fission-product recovery, 216-17, 218, 222, 
227, 228 
kinetics in soil systems, 302 
radiation decomposition of resins, 2 
radioisotopes separation-process develop- 
ment, 1-5 
recovery, of 70g, 226 
of ""Cs and “Sr in acid medium, 224-5 
use in Hanford Waste Management Program, 
111-18 
Iridium-192, tracer evaluation in groundwater 
studies, 244 
use in medical diagnosis and therapy, 287-92 
Iron, determination in Al and Pb by neutron 
activation analysis, 348 
effectiveness as Co-source shielding, 78-9 
model of metabolism in rats, 299-300 
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Iron-55, source development for radiography 
uses, 67 
Iron-57, use in Méssbauer effect studies, 140-6 
Iron-59, AEC production withdrawal, 317 
use in medical diagnosis and therapy, 170-1, 
287-92 
Iron ores, transportation in pipelines, wear 
studies, 253 
Irradiation facilities 
See also Beta irradiators, Marine Products 
Development Irradiator (MPDI), and 
Teletherapy units 
commercial-unit construction, 316-17 
description, insect control in grain, 93-4 
design, for film, fabric, and packages, 164-5 
of Co for radiosterilization, 324, 326 
of electron accelerator for radiosteriliza- 
tion, 325 
Irradiation services, price changes, 317-18 
Isotope production, AEC changes, 317 
AEC withdrawal procedures, adopted, 315 
public comment, 94 
price changes, 317-18 
safety precautions in processing, 174-6 
Isotope separation, methods for stable, 237-8 


J 


Japan, status of radioisotopes use in medicine, 
170-1 


K 


Kansas, regulation of radioactive materials, 
192 

Kidneys, radioisotope renography, 289 
scanning techniques, 290 

Kinetic analysis, application in metabolic 
studies, 299-300 

Krypton-85, development as beta source, 
enrichment by thermal diffusion, 318 
price increase, 317 


160 


radiographic source design, spectrum, and 
applications, 62-7 

recovery processes, 217, 218 

tracer applications, 203 

use, in air-density measurements, 203 
in medical diagnosis and therapy, 170-1, 

287-92 

in petroleum-recovery studies, 131-2 
as sediment tracer, 127 


Labeled compounds 
See also Tracers 
sorption from solutions, use of scintillating 
resins, 40 
use in medical diagnosis, 287-90 
Labels, regulations for radioisotope containers, 
192 
Lakes, analysis for trace elements by activa- 
tion analysis, 345-7 
sediment-density measurements, 124-5 
Lanthanum-140, determination by photoneutron 
counting technique, 344 
recovery from irradiated uranium, 218 
Lead, analysis for trace impurities by neutron 
activation analysis, 348-9 
effectiveness as %Co-source shielding, 78-9 
filtration effect on “Kr X-ray sources, 64 
Lead chlorides (PbCl,), properties as X-ray 
source-target material, 64-5 
Lead systems, Pb-Te-Sn, thermoelectric- 
conversion characteristics, 278-9 
Lead telluride, thermoelectric-conversion 
characteristics, 278-9 
Leaves, absorption and loss of nutrients, 303 
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Level indicators, choice of most suitable ra- 
dioisotopes, 256 
Licensing, exemption of 41pm illuminators, 
315-16 
general, exempt quantities of radioisotopes, 
179-80 
medical use of radioisotopes, 286 
ownership of radioisotopes, regulations 
change, 93 
radioisotopes in consumer goods, criteria for 
approval, 313-15 
specific, requirements, 179 
waste disposal, 193 
Lignite, use as fission-product ion exchanger, 
227 
Limestone, effect on soil phosphorus avail- 
ability, 310 





Liquids 
See also specific liquids, e.g., Toluene 
radiation treatment, use of tube-shaped beta 
source, 275-6 


radiography using extended sources of, 


274-5 ° 
Literature reviews, neutron activation analysis, 
337 
production and applications of isotopes, 
196-7 


Lithium, isotopes-separation methods, 238 

Liver, gamma-ray scintillation scanning, 289 

Locks, illuminators, use of "Pm in automo- 
bile, 315-16 

Locusts, physiology using tracers, 305 

Lutetium-177, use in chest radiography, 69-70 


M 


Magnesium, purification and target fabrication, 
7-8 
Magnesium-28, half-life, 8-9 
production, state of the art, 8-10 
yield and specific activity, 9, 10 
use in nutrition and metabolism studies, 304 
Magnetic fields, direction and strength, mea- 
surement using Mossbauer effect, 141-3 
Man, adaptation to high altitudes and heat 
stress, 301 
chest radiography, portable-system devel- 
opment, 69-70 
dose rates from medical, radioisotopic, and 
natural radiations, 173-4 
life-span, shortening by various factors, 173 
maximum allowable radiation-dose determi- 
nation, 74 
radiation exposure, analysis of 1945 
accidents, 181-5 


1962 


radiation and weightlessness effects on blood 
cells, 311-13 
Manganese, determination in lake waters by 
neutron activation analysis, 346 
Manganese-56, determination by photoneutron 
counting technique, 343 
Manuals, radioisotopes production and process- 
ing, 10-15, 89-90 
Marine Products Development Irradiator 
(MPDI), dedication, 195 
Marsh, H. S., Ltd., construction of “Co irra- 
diation unit, 316-17 
Martin Marietta Co., fission-product recovery - 
plant proposal, 316 
Mass-activity relations, selected nuclides, 1 
Medical supplies, radiation sterilization, 263, 
316-17 
radiosterilization, comparison of electron- 
beam and gamma-irradiation plants, 321-8 
Medicine, clinical application of nuclear, con- 
ference, 191-2 
disposition of antibilharzial antimony drugs, 
295-6 
radiographic source development, 55-70 
radioisotopes use in Japan, 170-1 
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separation and purification of radioisotopes 
used in, 294-5 
use, of 71, 82 
of isotopes and radiation sources, 286-92 
Mercury-203, use in medical diagnosis and 
therapy, 170-1, 287-92 
Metabolic studies, interpretation by kinetic 
analysis, 299-300 
Metals 
See also Alkali metals and specific metals 
analysis for O, by neutron activation, 335 
interatomic action studies, 210 
radiation effects, 210 
self-diffusion studies, 209 
Meteorites, analysis for rare earths by neutron 
activation, 335 
Methacrylic acid—styrene polymers, irradia- 
tion grafting on polypropylene, 163-4 
Methane, analysis for C, 257 
Methanol, effect on scintillating ion-exchange 
resins, 39 
Methionine, '*C labeled, sorption by scintil- 
lating resins, 40 
Microbes, pathogenic, elimination by radiation, 
306 
Milk, “I sorption by scintillating resins, 40 
secretion in animals, tracer studies, 304 
Milking systems, development at BNL, 91 
Minerals 
See also specific minerals, e.g., Chalcocite 
digestibility and distribution in animals, 304 
Mines, seepage tracing using tritium, 242 
Mining industry, radioactive tracer uses, 
18-34 
Moisture gages, radioisotopes use in snow 
measurement, 41-7 
use in coal industry, 18 
Moon, surface analysis by neutron activation, 
336 
Mosquitoes, dispersal tracing, 305 
Mossbauer effects, applications, 140-6, 205 
literature coverage on, 143-4 
Motion pictures, “Neutron Activation Analysis,” 
availability, 337 
Mound Laboratory, enriched gaseous-isotopes 
distribution, 94 
radioisotope production and sales, 89 
MPDI 
See Marine Products Development Irra- 
diator 
Mutations, radiation induction in plants, 
303-4 


N 


Naphtha, radiation-thermal-cracking yields, 
270 
Navigational aids, operation of %Sr powered, 
94-5 
Neodymium-151, determination by photoneu- 
tron counting technique, 344 
Neptunium, extraction mechanism into 
phosphorus-containing acids, 228-9 
Nerves, action potential, formation and prop- 
agation theory, 300 
effect of curare on electric response, 300 
Neutron activation analysis 
See Activation analysis 
Neutron-capture therapy, reactor use in, 292 
Neutron flux, effect on “Co production yields, 
12 
Neutron generators, operation at BNL, 90-1 
Neutron probes, snow-density measurement, 
44-5 
Neutron sources, performance and availability 
for activation analysis, 329-31, 332-3 
Neutrons, epithermal, transmission in cadmium 
plates, 152 
levels from isotopic heat sources, calcula- 
tion, 74-5 


transmutation doping of semiconductors, 
149-57 
use in plant breeding, 305 
Nitric acid, effect on scintillating ion-exchange 
resins, 39 
extraction mechanism into phosphorus- 
containing acids, 228-9 
Nitrogen, determination by neutron activation 
analysis, 335 
Nitrosylruthenium nitrato complexes, be- 
havior in TBP-HNO, system, 230 
Nondestructive testing, use of “1pm sources, 
60 
North Carolina, regulation of radioactive ma- 
terials, 93 
Novawood 
See Wood-plastic material 
Nuclear explosions, neutron-rich isotopes 
production in, 192-3 
Nuclear Materials & Equipment Corp., Apollo, 
Pa., contract for '°B production plant, 193 
Nucleic acids, tagging, genetic studies, 298-9 
Nuclides, systematics, periodic system pro- 
posal, 213 
Nutrition, tracer applications in animals, 304 
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Oak Ridge Institute of Nuclear Studies (ORINS) 
courses in use of radioactive materials, 
193 
mobile-isotope-laboratories schedule, 193-4 
Oak Ridge National Laboratory (ORNL), en- 
richment of Kr, 318 
exchange purification of radioisotopes, 1-5 
isotopes availability, 194 
preparation and testing of Pp sources, 
311-13 
radioisotope distribution program, 87-9 
radioisotope operations flow chart, 14 
radioisotope production changes, 317 
radioisotope production procedures, manual, 
12-15, 89 
radioisotope production and sales data, 88-9 
Target Fabrication Center activities, 5-8 
Oceanography, radioisotope applications, 203-4 
sediment-density meter development, 316 
Odontology, forensic, '“I radiography applica- 
tions, 68-9 
Oils 
See Petroleum 
Olefins, radiation-thermal-cracking yields, 270 
Ores 
See also specific ores 
activation, separation studies, 28 
concentration, use of radiotracers, 27-34 
Organic compounds 
See also specific compounds, e.g., Ethyl 
bromide 
accelerated isotopic labeling, 310 
identification using activation analysis, 297 
ORNL 
See Oak Ridge National Laboratory (ORNL 
ORNL 86-in. cyclotron, irradiation services, 
price changes, 317-18 
radioisotope production, 89, 202 
Oxygen, determination, by delayed-neutron 
counting, 340-1 
by neutron activation analysis, 335, 336-7 
Oxygen-15, use in medical diagnosis and 
therapy, 170-1, 287-92 
Oxygen-18, determination by neutron counting 
from alpha bombardment, 344-5 


P 


Packages, beta irradiator design for, 164-6 
Packaging materials, use in radiation process 
ing of foods, 194 
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Paints, activation analysis identification, 95 
radiation curing on building materials, 264 
Palladium-109, development as beta source, 
160 
Palladium-110, separation and purification, 295 
Pasteurization 
See Radiation pasteurization 
Peat, use as fission-product ion exchanger, 
227 
Pesticides, determination of residues in crops 
by activation analysis, 335 
Petroleum, fluid dynamics of repressured 
reservoirs, 131-2 
natural evolution, radiation effects, 272-3 
radiation-thermal cracking, 269-72 
Petroleum industry, use of neutron activation 
analysis in, 335 
Pharmaceuticals, receptor studies using tagged 
curare, 300 
Phosphoric acid, di-2-ethylhexyl, solvent ex- 
traction of Sr and Ce, 111-12 
Phosphorus, availability in soils, effects of 
liming, 310 
solvent-extraction properties of acids con- 
taining, 228-9 
Phosphorus-32, price increase, 317 
properties as hydrological tracer, 134 
source preparation and testing for Gemini III, 
311-13 
use, in fertilizer tracing in natural waters, 
304 
in insecticide tracing, 305 
in medical diagnosis and therapy, 287-92 
in mineralized water dilution studies, 130 
in nucleic acid tagging, 298 
in reproduction studies, 304 
in salt water —freshwater interface studies, 
129 
in soil-moisture migration studies, 130 
Phosphotungstates, exchange properties for 
fission products, 226 
Photographic film detection, use with scintil- 
lating resins, 41 
Photomultiplier tubes, development and ap- 
plications, .206 
Photoneutron emission, counting device, 343 
use in activation analysis, 341-4 
Photosynthesis, carbon assimilation in, 297-8 
Physics, use of isotopes in research, 209-10 
Pipes, wear in iron-ore transportation, 253 
Plants, breeding, use of radiation, 305 
mutation induction by irradiation, 303-4 
pathology studies using tracers, 303 
physiology studies using tracers, 303 
sulfolipid structure determination in green, 
296 
Plastics 
See also Wood-plastic material and spe- 
cific plastics 
use in segmented, flexible-tube counters, 36 
Plutonium, extraction mechanism into phos- 
phorus-containing acids, 228-9 
Plutonium-238, production, 202 
Poisons , 
See Curare 
Poland, radioisotopes production in reactors, 
233-4 
Pollution, air, activation analysis study, 337 
nuclear techniques in water studies, 248-9 
Polonium-210, production procedures at 
Mound Laboratory, 10-11 
use in thermoelectric generators, 282-3 
Polyethylene, production and properties of 
radiation processed, 262 
Polymerization, of ethylene, 265 
grafting, use of beta radiation, 163-4 
induction by radiation, 210-11 
Polymers 
See also specific polymers, e.g., Meth- 
acrylic acid—Styrene polymers 
Study using Méssbauer effect, 145 
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Polypropylene, irradiation grafting on meth- 
acrylic acid—styrene polymers, 163-4 
radiation processing, dyeability improve- 

ment, 265 
Potassium, determination in lake waters by 
neutron activation analysis, 347 
use in nerve-action studies, 300 
Potassium-40, use in Japanese medical field, 
170-1 
Potassium-42, use, in insect studies, 305 
in Japanese medical field, 170-1 
Precipitation, fission-product recovery, 216- 
17, 218, 226 
Probes 
See also Gamma probes and Neutron probes 
development for groundwater velocity mea- 
surement, 240-1 
Process control, use, of neutron activation 
analysis in, 337 
of radiotracers in, 203-4 
Promethium, extraction mechanism into 
phosphorus-containing acids, 228-9 
Promethium-147, characteristics of shipping 
facilities, 218-20 
concentration processes at Hanford Isotopes 
Plant, 112-18 
dose rate from enameled sources, 162 
ion-exchange purification, 3-4 
licensing exemption, use in lock illuminators, 
315-16 
production capabilities and costs, 119 
properties for use as heat source, 101, 
102-3 
radiographic source design, spectrum, and 
applications, 58-62 
recovery processes, 218, 222, 224 
use, in medical diagnosis and therapy, 
287-92 
in vitreous enamels, 160-1 
Protein, synthesis, control by genetic code, 
298-9 
Pulse-height analyzers, development and ap- 
plications, 206 
use in neutron activation analysis, 331-2 
Pumps, design of recycling, for beta irradiator, 
165, 167 
Pyrites, removal from coal, fluidized-bed ef- 
ficiency, 25-6 
sulfur, activation for tracer use, 24-5 


Q 


Quartz, adsorption of “Cu, 33 
Quinoline, use in technetium extraction, 229 


Radiation 
See also Background radiation, Beta 
particles, Cosmic radiation, Gamma ra- 
diation, and Neutrons 
choice of characteristics in gaging problems, 


256 
effects, on compounds, Méssbauer effect 
study, 145 


on crude oils, 272-3 
on foods, 305-6 
on human blood cells, 311-13 
in metals and alloys, 210 
levels encountered in space, 74 
mutation induction in plants, 303-4, 305 
use in polymerization studies, 210-11 
Radiation capsules, design and fabrication for 
transmutation doping, 153 
Radiation chemistry, development, 210-12 
Radiation-detection instruments 
See also Coincidence counters, Geiger 
counters, Scanning equipment, Scintillation 
counters, and Whole-body counters 
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development for activation analysis, 331-2 
gas counting at atmospheric pressure, 
257-8 
Shielding from isotopic power sources, 74 
Radiation detectors 
See also Photographic film detection, 
Scintillation detectors, and Semiconductor 
detectors 
development, for radio-snow gages, 42-3 
for use in nuclear medicine, 288 
development and applications, 205-7 
Radiation doses, calculation for isotopic- 
power-source shielding, 73-4 
exposure standards in isotope processing, 
174 
levels from beta-source vitreous enamels, 
162-3 
measurement for shielded and unshielded 
Co sources, 75, 78-9 
total average exposure of man, 173-4 
Radiation effects ~- 
See under Radiation and specific mate- 
rials 
Radiation pasteurization 
See also Radiation sterilization 
food-packaging-materials approval, 194 
of fresh foods, 50-3, 306 
program development, 264 
Seibersdor{f project appointments, 317 
Radiation processing, current status and future 
prospects, 260-5 
source development, 203 
Radiation sanitation, elimination of pathogenic 
microbes, 306 
Radiation sources 
See Sources 
Radiation sterilization 
See also Radiation pasteurization 
medical supplies, 263, 316-17, 321-8 
program development, 264 
Radiation targets 
See Targets 
Radio Corporation of America, isotopic gen- 
erator testing, 193 
Radioactive materials, ownership, regulations 
change, 93 
regulation by states, 93 
use in consumer goods, criteria for approval, 
313-15 
Radiochemical separations, development of 
fast, use in activation analysis, 333 
Radiography, applications of radioactive liquids 
and gases, 274-5 
factors affecting sensitivity, 57 
gamma-source development, 67-70 
isotopes application to, production and 
properties, 56 
results using 4’Dm source, 61 
source development for medicine and in- 
dustry, 55-70 
Radioisotopes 
See specific isotopes 
Radiopasteurization 
See Radiation pasteurization 
Radiopharmaceuticals, medical uses, regula 
tions change, 93 
production, Squibb plant completed, 95 
Radiosterilization 
See Radiation sterilization 
Radium, use in medical diagnosis and therapy, 
287-92 
Radon, use in medical diagnosis and therapy, 
287-92 
Rare earths 
See also specific rare earths 
determination in meteorites by neutron 
activation analysis, 335 
elution order in ion-exchange systems, 3-4 
recovery from fission products, 222 
Rats, models of calcium and iron metabolism, 
299 
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Reactors 
See also Blanket reactors, Carolinas- 
Virginia Tube Reactor (CVTR), Chemonu- 
clear reactors, Compound reactors, and 
Romashka reactor 
irradiation services, price changes, 317-18 
radiation chemical production in power, 
267-9 
radiation-thermal cracking of hydrocarbons, 
270-2 
radioisotopes production in various coun- 
tries, 231-7 
requirements for semiconductor irradiation, 
153 
use, for activation analysis, 331, 332-3 
in agricultural studies, 305-7 
in neutron-capture therapy, 292 
in radioisotope production, 202 
Recoil chemistry, role in tracer methodology, 
203 
Reentry 
See Atmospheric reentry 
Reentry Flight Demonstration No. 1 (RFD-1), 
description, 354-5 i 
Reentry Flight Demonstration No. 2 (RFD-2), 
launch announcement, 192 
Refrigeration, of strawberries, effect of delay 
after harvest, 51-2 
Regulations 
See also Licensing 
medical uses of radiopharmaceuticals, 93 
ownership of radioisotopes, 93 
requirements for radioisotope-container 
labels, 192 
shipping of radioisotopes, 176-9 
Relays, radiography using kr sources, 66 
Reproduction, tracer applications in animals, 
304 
Republic of China, radioisotopes production in 
reactors, 233 
Resins, ion exchange, development of scintil- 
lating, 37-41 
radiation decomposition, 2 
Rhenium, determination in lake waters by neu- 
tron activation analysis, 347 
Rivers, bed-variation measurement, 140 
flow measurement using radiotracers, 135-6, 
185-8, 245-7 
sediment-density measurement, 124-5 
Roads, tracer use in surfacing problems, 251-2 
Rockets, development of motors using isotopic 
heat sources, 202-3 
Romania, radioisotopes production in reactors, 
235 
Romashka reactor, description, 284 
Rubber, use in segmented flexible-tube count- 
ers, 36 
Rubidium-86, properties as hydrological 
tracer, 135, 241 
Russia 
See Soviet Union 
Ruthenium-106, properties as hydrological 
tracer, 135 


Safety 
See also Accidents 
precautions in radioisotope production, 
shipping, use, and disposal, 174-81 
public relations in radioisotopes use, 185-8 
radioisotopes vs. other items of commerce, 
172-4 
shielding requirements for isotopic power 
sources, 72-80 
of SNAP devices in aerospace applications, 
350-5 
thermoelectric generators, 280 
Salicylaldoxime, use in fission-product extrac- 
tion, 223 
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Samarium-147, use in vitreous enamels, 160-1 
Samarium-153, use in chest radiography, 
69-70 
Sand, transport studies using radiotracers, 
138, 248 
Savannah River Plant (SRP), production, of 
Co since 1955, table, 11 
of Co sources, cost data, 88 
Scandium-46, properties as hydrological 
tracer, 135 
separation and purification, 295 
use in sand-transport studies, 138 
Scandium-48, separation and purification, 295 
Scanning, use in medical diagnosis, 289-90 
Scanning equipment, development for use in nu- 
clear medicine, 288 
Scintillation counters, design for Cu-ores 
sorting device, 31-2 
development for use in nuclear medicine, 
287-8 
Scintillation detectors, development and ap- 
plications, 205-6 
development for use in nuclear medicine, 
288 
Scintillators, development with ion-exchange 
properties, 37-41 
Screwworms, eradication by radiation steriliza- 
tion, 305 
Seafood, irradiator dedication, 195 
Seawater, desalination, use for irrigation, 307 
diffusion into freshwater aquifers, 129 
4-sec-butyl-2-(a@-methylbenzyl) phenol, sol- 
vent extraction of cesium, 112 
Sediment, density measurement in lakes and 
streams, 124-5 
density-meter development, 316 
movement, on beaches, tracer studies, 125-7 
in rivers and estuaries, 138, 248 
Selenium-75, AEC production withdrawal, 317 
use in Japanese medical field, 170-1 
Self-diffusion, studies using radioisotopes, 209 
Semiconductor detectors, development and ap- 
plications, 206 
Semiconductors, neutron transmutation doping, 
149-57, 264-5 
production and properties of radiation 
processed, 262 
self-diffusion studies, 209 
thermoelectric-conversion characteristics, 
278-9 
Separation processes 
See also Fluidized-bed separation, Ion ex- 
change, Isotope sepa-ation, Radiochemical 
separations, and Solvent extraction 
description for Hanford Waste Management 
Program, 111-18 
development for fission-product recovery, 
215-17 
radioisotopes for medical use, 294-5 
thermal-diffusion enrichment of tritium, 
254-6 
Shielding, requirements for isotopic power 
sources, 72-80 
Shipping, safety regulations, 176-9 
Shipping casks, description, 218-20 
Shipping containers, design and safety, 177-9 


Silica gel, use as fission-product ion exchanger, 


228 
Silicon, determination in coal by neutron acti- 
vation analysis, 335 
transmutation doping of semiconductors, 
149-57 
Silicon systems, Ge-Si, thermoelectric-con- 
version characteristics, 278-9, 282 
Silkworms, physiology using tracers, 305 
Silver, determination in lake waters by neu- 
tron activation analysis, 346 
Silver-111, separation and purification, 295 
SNAP 
See Systems for Nuclear Auxiliary Power 
(SNAP) 








Snow, water content and density, radio-gage, 
development, 41-7, 132, 247 
Sodium, determination in lake waters by neu- 
tron activation analysis, 346 
use in nerve-action studies, 300 
Sodium-24, capabilities and characteristics for 
process application, 261 
determination by photoneutron counting tech- 
nique, 343 
properties as hydrological tracer, 134 
use, in flow measurement of surface waters, 
135-6, 246 
in insect studies, 305 
in medical diagnosis and therapy, 170-1, 
287-92 
as sediment tracer, 126 
Soil, fertility studies, 302 
ion-exchange mechanisms, 302 
moisture- and density-gage development, 
247-8, 302 
moisture-movement dynamics, 130 
Solvent extraction, behavior of nitrosylruthe- 
nium nitrato complexes in TBP-HNO, 
system, 230 
fission-product recovery, 216-17, 218, 
221-3 
phosphorus-containing acids properties, 
228-9 
procedures for *’Y processing, 15 
technetium behavior in aqueous solutions, 
229-30 
use in Hanford Waste Management Program, 
111-18 
Solvents 
See also specific solvents 
effect on scintillating ion-exchange resins, 
39 
Sources 
See also Beta sources, Gamma sources, 
Heat sources, Neutron sources, Tele- 
therapy sources, and X-ray sources 
capabilities and characteristics for process 
application, 260-2 
development, medical and industrial radiog- 
raphy, 55-70 
preparation and testing of **P, 311-13 
use in agriculture and food science, 
302-7 
Soviet Union, fission-product recovery pro- 
cesses, 220-4 
isotopic power source development, 282-3 
operation of ‘4Ce-powered weather station, 
316 
promotion of radioisotopes use, 194 
Romashka reactor description, 284 
Soybeans, translocation of assimilates, 303 
Space, radiation levels encountered, 74 
safety of SNAP devices in, 350-5 
Spacecraft 
See Gemini III 
Spain, radioisotopes production in reactors, 
235 
Squibb (E, R.) & Sons, New Brunswick, N. J., 
radiopharmaceutical plant completed, 95 
Stable isotopes 
See also specific isotopes 
separation methods, 237-8 
States, regulation of radioactive materials, 93, 
192 
Steel, radiography of thin tubes, 274-5 
Sterilization 
See Radiation sterilization 
Strain gages, inclination determination in road 
surfaces, 251-2 
Strawberries, gamma-radiation effects on 
Shasta, 50-3 
Strontium-85, production withdrawal by AEC, 
93 
use in Japanese medical field, 170-1 
Strontium-89, price increase, 317 
properties as hydrological tracer, 134 
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Strontium-90, availability prediction, 278 
capabilities and characteristics for process 
application, 261 
characteristics of shipping facilities, 
218-20 
concentration processes at Hanford Isotopes 
Plant, 111-15 
development as beta source, 160, 164, 276 
dose rate from enameled sources, 162-3 
production capabilities and costs, 119 
properties, as hydrological tracer, 134 
for use as heat source, 101-2 
recovery processes, 201, 215, 218, 223, 
224-5, 226, 227 
use, in groundwater studies, 137, 242 
in medical diagnosis and therapy, 287-92 
in SNAP generators, 94-5 
in vitreous enamels, 160-1 
Strontium titanate, use, in beta irradiators, 
164, 167 
as power-generator fuel, 101-2, 280 
Styrene—methacrylic acid polymers, irradia- 
tion grafting on polypropylene, 163-4 
Sugar cane, translocation of assimilates, 303 
Sulfolipids, structure determination using « | 
296 
Sulfonic acid 
See Hexadecane sulfonic acid 
Sulfur, removal from coal, 24-7 
Sulfur-35, determination in hydrogen sulfide, 
258 
separation and purification, 294-5 
use, in insect studies, 305 
in medical diagnosis and therapy, 
287-92 
in protein tagging, 298 
in soil-moisture studies, 302 
in sulfoljpid-structure determination, 296 
Sulfur-37, determination by photoneutron 
counting technique, 343-4 
Sutures, radiation sterilization, 263, 316-17, 
321-8 
Systems for Nuclear Auxiliary Power (SNAP), 
isotopic generator testing, 193 
operational systems description, 280-1 
RFD-2 test, 192 
safety in aerospace applications, 350-5 
use in navigational aids, 94-5 
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Tantalum-180, availability and cost, 194 
Tantalum-182, use in medical diagnosis and 
therapy, 287-92 
Targets, fabrication at ORNL, 5-8 
materials evaluation for Kr radiographic 
sources, 63-6 
types available from ORNL, table, 6 
TBP, use, in fission-product extraction, 
221-4 
in technetium extraction, 229 
TBP-HNO; system, nitrosylruthenium nitrato 
complex behavior in, 230 
Technetium, concentration from aqueous solu- 
tions, 229-30 
Technetium-99, electroplating methods for 
target fabrication, 8 
processing at Hanford Isotopes Plant, 121 
recovery processes, 217, 218 
Teletherapy sources, use, of “Cs, 292 
of c, 291-2 = 
Teletherapy units, radioisotope, estimate of 
worldwide use, 292 
Tellurium-132, properties and production, 
83-4 
separation of '*] from, 84-5 
Tellurium systems, Pb-Te-Sn, thermoelectric- 
conversion characteristics, 278-9 
Textiles, radiation processing, dyeability im- 
provement, 265 
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Thermoelectric generators, development, in 


Soviet Union, 282-3 
in United States, 277-81 
electrical characteristics, 279-80 
fuel encapsulation, 278 
power flattening, 280 
Russian, operation of automatic weather sta- 
tion, 316 
safety, 280 
shielding requirements, 72-80 
Thermoelectric materials, performance char- 
acteristics, 278-9 
Thickness gages, choice of most suitable ra- 
dioisotopes, 256 
Thorium-228,. processing at Hanford Isotopes 
Plant, 121 
Thyroid glands, radioiodine-uptake tests, 288-9 
Tin, determination in Al and Pb by neutron 
activation analysis, 348 
filtration effect on ®Kr X-ray sources, 64 
Tin-113, AEC production withdrawal, 317 
Tin telluride, thermoelectric-conversion 
characteristics, 278-9 
Tobacco, translocation of assimilates, 303 
Toluene, effect of scintillating ion-exchange 
resins, 39 
Tracers 
See also specific isotopes 
activated coal, injector description, 21 
development and applications, 203-4 
selection for hydrological studies, 133-5 
specific applications in hydrological studies, 
135-40 
use, in activated coal impurities, 24-5 
in agriculture and food science, 302-5 
in biology., 296-300 
in civil engineering, 251-2 
in groundwater hydrology, 129-31, 241-4 
in hydroelectric turbine rating, 127-9, 
356-7 
in the mining industry, 18-34 
in ore concentration, 27-34 
in petroleum-recovery studies, 131-2 
in soil-moisture migration studies, 130 
in studies of beach sediment movement, 
125-7 
in underground water-storage studies, 
130-1 
in water-pollution studies, 248-9 
in water-resources studies, 124-40, 245-8 
Transistors, maximum allowable radiation- 
dose determination, 74 
neutron transmutation doping, 149-57 
Translations, production and applications of 
isotopes, 95, 97, 195-6 
Transuranic elements 
See specific transuranic elements 
Tributyl phosphate 
See TBP 
Tritium, determination in ethane, 258 
enrichment, thermal-diffusion separator 
description, 254-6 
production, 202 
properties as hydrological tracer, 133-4 
tracer applications, 203 
use, in animal pathological studies, 304 
in dating, 132, 192 
in flow measurement of surface waters, 
135 
in groundwater studies, 137, 139-40, 241-4 
in human total-body-water studies, 301 
in labeling organic compounds, 310 
in medical diagnosis and therapy, 170-1, 
287-92 
in nucleic acid tagging, 299 
in petroleum-recovery studies, 131-2 
in reproduction studies, 304 
in underground water-storage studies, 131 
Tubes, flexible, use in Geiger-counter con- 
struction, 34-7 
radiography of thin, 274=5 





Tungstates 


See Ferrocyanide tungstates 
Turbines, hydroelectric, flow gaging using 
tracers, 127-9 
Turkey, radioisotopes production in reactors, 
236-7 


U 


United Arab Republic, radioisotopes production 
in reactors, 236 
United States, fission-product production 
status, 215-20 
isotopic-power-source development, 277-81 
radioisotope production and utilization, 
201-7 
United States Rubber Company, fission-product 
recovery-plant proposal, 316 
Uranium, effectiveness as ®°Co-source shield- 
ing, 78-9 ° 
extraction mechanism into phosphorus- 
containing acids, 228-9 
ion-exchange separation from fission prod 
ucts, 227, 228 
isotopes-separation methods, 238 
Uranium-232, processing at Hanford Isotopes 
Plant, 121 
Uranium ores, sorting from wastes, 27 
Uranium oxides (U;O0,), properties as X-ray 
source-target material, 63-7 
Uranyl nitrate, freezing out from fission- 
product solutions, 228 
USSR 
See Soviet Union 


Vv 


Vacuum tubes, radiography using Ml pm source, 
62 
Van de Graaff accelerators, use in radio- 
sterilization facilities, 325 
Vanadium, determination in lake waters by 
neutron activation analysis, 346 
Velocity, measurement and control, use of 
Mossbauer effect, 145-6 
Vitamin C 
See Ascorbic acid 
Vitreous enamels, composition and properties 
of beta source, 160-1 
dosimetry of beta source, 162-3 
Vitro Engineering Company, New York, negotia 
tions on Novawood facility, 195 
Vulcanization, induction by radiation, 211 


we 


Waste disposal, commercial firms listing, 181 
evaluation using tracers, 249 
licensing for land storage, 193 
safety considerations, 179-80 
Wastes, chemical processing, Hanford Pro 
gram, 99-122 
ion-exchange reprocessing, 
Water 
See also Groundwater, Lakes, Rivers, and 


227, 228 


Seawater 

attenuation of beta and gamma radiation, 159 

carbon dating, 139-40 

dating, use of tritium, 132, 192 

determination in soils, 302 

diffusion at saltwater-freshwater interface, 
129 

DWICA description, 132, 205 

flow measurement, in porous media, 129-31 
of surface, 135-6 
through turbines, 127-9 

measurement in snow, radio-gage develop- 
ment, 41-7, 132 
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Water (Continued) 
mineralized, rate of flushing from aquifers, 
129-30 
pollution studies, 248-9 
resource studies, radioisotopes applications, 
124-33, 245-8 
storage capacity of underground reservoirs, 
130-1 
Weather stations, automatic, operation of Rus- 
sian, 316 
Weeds, mobilities of labeled herbicides, 303 
Weightlessness, effects on human blood cells, 
311-13 
Welds, radiography of thin, 274 
Wheat, translocation of assimilates, 303 
Whole-body counters, development for use in 
nuclear medicine, 288 
Wireworms, movement tracing in soil, 305 
Wood, use as fission-product ion exchanger, 
227 
Wood-plastic material, production, facility- 
design negotiations, 195 
production, properties and applications, 
263-4 , 
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Worms 
See specific worms, e.g., Screwworms, 
Wireworms 


x 


X-ray sources, design, spectrum, and ap- 
plications, using Kr, 62-7 
using '“"Pm, 58-62 
development and applications, conference, 
190-1 
development of beta-ray-excited, 57-67 
evaluation for process applications, 262 
human dose rates from diagnostic, 173-4 
production, properties, and uses, conference 
program, 95-6 
X-ray spectra, measurement, from kr 
sources, 63-6 
from ‘'Pm sources, 59 
Xenon-133, recovery processes, 217, 218 
tracer applications, 203 
use, in medical diagnosis and therapy, 287-92 
in tubing radiography, 274-5 
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Y 


Ytterbium-169, use in chest radiography, 69-70 
Yttrium, extraction mechanism into phos- 
phorus-containing acids, 228-9 
use in ion-exchange purification of “Dm, 3 
Yttrium-90, ion-exchange recovery, 227 
solvent-extraction procedures, 15 
use, in medical diagnosis and therapy, 287-92 
in megarad beta source, 276 


z 


Zinc, determination, in Al and Pb by neutron 
activation analysis, 348 
in lake waters by neutron activation analy- 
sis, 347 
Zinc-65, AEC production withdrawal, 317 
properties as hydrological tracer, 135 
Zirconium hydrous oxides, use as fission- 
product ion exchanger, 228 
Zirconium phosphate, use as fission-product 
ion exchanger, 224-5, 228 
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